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INTRODUCTION 
One of the strongest characteristics of many chemical 
compounds are their electronic absorption bands. These 
absorption bands are very specific for the structure of a 
particular compound, therefore, spectrophotometry is a 
very useful method for the study and comparison of related 
structures of light absorbing compounds. Predictions of 
exact positions of absorption bands are somewhat difficult, 
except with families of similar compounds where the spectra 
of several members are known. An attempt will be made 
in this work to show some of the relationships of spectral 
bands of some analogs and related compounds with struc­
tural changes in these compounds. 
Methods will be developed in this work for using high 
speed computers to analyze electronic absorption spectra. 
These computer programs will be used to compute proton 
dissociation constants and ionic spectra of several com­
pounds, The results of the computed parameters will be 
compared to experimental data as a test of the computer 
methods used. Not only single component systems, but also, 
two and three component systems will be analyzed by computer 
methods. 
The spectral properties of two aldehyde analogs 
will be studied and their spectral bands compared to those 
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of the coenzyme, pyridoxal-5-Phosphate. The temperature 
dependence of the absorption bands of 5-deoxypyridoxal and 
the titration of this aldehyde with strong acid will also 
be shown in this work. 
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REVIEW OF PERTINENT LITERATURE 
Application of Electronic Absorption Spectroscopy 
Electronic absorption spectroscopy is a powerful tool for 
the biochemist in solving a variety of problems. It is a very 
sensitive and reliable means of studying a light absorbing 
compound. Since many compounds of Interest to the biochemist 
contain chromophores which absorb in the visible or ultraviolet 
region of the spectrum, analysis by spectrophotometrlc methods 
are possible with a high degree of precision. This absorption 
is very dependent on the environment associated with the 
chromophore. 
Wave number vs. wavelength 
In searching the literature one finds little reference to 
the wave number (cm~^ ) scale for expressing positions of elec­
tronic absorption. In Dr. George Wald's article (1965» P. 1239) 
on use of wave number over wavelength, he states: "There is 
a rational way of plotting spectra and spectral function that 
is full of physical meaning and correspondingly useful; and 
there is an Irrational way of plotting them that has no direct 
physical meaning, and that distorts their shape. The first 
way is to plot them on a scale of frequency or its equivalent; 
the second Is to plot them on a wavelength scale. By a curious 
historical mischance, this second procedure has become a habit, 
in part among physicists, and almost universally among chemists 
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and biologists. The habit has become so deeply Ingrained that 
to break It now will demand a great effort and, however con­
sistently that effort Is maintained, will take a stretch of 
years. One of the greatest embarrassments Is the degree to 
which that habit has been implanted In the design and construc­
tion of our measuring instruments." 
There are many advantages for using the wave number scale 
(Ballard, 1965; Wald, 1965t Baker et al., 1969). (a) The 
energy of a photon is directly proportional to frequency 
(E = %h). (b) The absorption bsuids of molecular spectra tend 
to have the shape of normal and log-normal distribution curves, 
(c) Absorption bands that have the same width on a wave number 
scale have very different widths on a wavelength scale, (d) 
The areas under absorption bands plotted on a wave number scale 
have a real and very useful physical meaning, since they rep­
resent transition probabilities (I = /^ diy). 
Since a wave number scale in cm*"^  would consist of fairly 
large numbers (1 nm = 10**7 cm), it is best to define the units 
of wave number in kilokayser (1 kK = 1000 cm"^ ) (Jdrgensen, 
1962), In this dissertation all absorption spectra will be 
presented on a linear wave number scale In kK's with wavelength 
values In parentheses. Using the wave number scale as a mea­
surement of energy. Table 1 has been assembled expressing equiv­
alence of the kK to other energy units. 
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Table 1, Comparison of the wave number unit kK with other 
energy units* 
1 kK = 0,2339 eV (electron volt) 
= 2,85 kcal/mole 
= 11,800 joules/ mole 
= 0.1986 X 10-12 ergb 
J^j^ rgensen, I962 p, 85 
B^auman, 1962 p. 7 
Determining concentrations in mixtures 
Spectrophotometry has been used by many for determining 
the concentrations of individual components in mixtures of 
two or more components; e.g., for mixtures of nucleotides 
(Guschlbauer e;b al,, I965; Pratt et al., 1964), for mixtures 
of steroid (Sternberg ^  al,, 196O), for mixtures of cis-
trans isomers of stilbene (Ish-Shalom et al,, 1957). General 
discussions of the analysis of two-component and multi-com-
ponent systems are also found in the literature (Bauman, 1962j 
Mellon, 1950; Rao, I967). These methods are based on the as­
sumption that Beer's law relating absorbance to concentration 
holds for a mixture of substances as well as for an individual 
compound. This law is generally expressed* 
A = abc (1) 
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where A = absorbance, b = length of cell (generally one cen­
timeter or unity In length) and c = concentration of the com­
pound (Mellon, 1950). a is the absorptivity if c is in units 
of grams per liter or molar extinction coefficient if c is 
In terms of molar concentration (moles per liter). Therefore, 
at a given wavelength the absorbance for a mixture is ex­
pressed as the sum of the absorbance of the Individual com­
ponents as shown in equation 2, Using this expression it 
n n 
A = ZA, = b/L 84 c, (2 ) 
1=1 ^  1=1 1 1 
is necessary to measure A at n different wavelengths to secure 
the n unknown concentrations, 
The equations relating the concentrations of the n un­
knowns can be solved by three methods. The first involves 
solving n equations simultaneously and is quite self-explan­
atory, while the other two methods for determining the con­
centrations of components in a mixture are merely modifications 
of the simultaneous equation method. The second means, inter­
polation method (Ish-Shalom, et al., 1957), is a simplified 
version of the simultaneous equation method. If the total 
concentration of the components is known then one is dealing 
essentially with one unknown and only the absorbance mea­
surement at one wave number is sufficient to determine the 
composition; The third ncthcd, absoruâûûc rtxlio method (iiirt, 
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et al.. 195^ ) is best used when only the relative concentra­
tions of the components are required and the total concentra­
tion of the mixture is not known. The wave number at which 
the components have the same absorptivity, isoabsorptive 
point (A^ ), is selected as one of the points for obtaining the 
absorbance of the mixture. Using the relationships, = c^ / 
(c^  + C2), ^ 2 ~ 62/(02 + C2) and + %2 " ^ dividing by 
the absorbance of the mixture at the point A^ , the expressions 
A/A^  = (a^  - + 2^^ ^^  and A/A^  = (a^  - a2)x2/a^  + 
a^ /a^  can be derived, which clearly show that for a mixture of 
two components only the absorbance ratio, A/A^  is needed to 
determine their concentration. 
DK determination 
Spectrophotometric method offers an accurate method for 
the determination of dissociation constants of acidic and basic 
functional groups. General reviews of pK^  (here after re­
ferred to as pK) determinations of light absorbing compounds 
are present in the literature (Jaffe and Orchin, 1962; Rao, 
1967). A detailed study of the derivations of equations used 
for spectrophotometric determination of pK*s of dibasic acids 
has been presented by Thamer and Volgt (Thamer and Voigt, 
1952). Many workers have demonstrated the use of spectro­
photometric titrations to determine pK's of individual com­
pounds, 3-hydroxypyridine and other substituted fcydroxy-
pyridines (Wigler and Wilson, 1966; Metzler and Snell, 1955; 
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Nagano and Metzler, 1967; Johnson and Metzler, 1970), 
Chemical equilibria 
If the absorption spectra of the reactants and products 
are considerably different, spectrophotometry may be employed 
to follow the changes in the concentration of either the pro­
duct or the reactants during a reaction (Nagano and Metzler, 
1968Î Maley and Bruice, 1970; Metzler, 1957), The spectro-
photometric method of determining reaction rates and forma­
tion constants is advantageous particularly in the study of 
fast reactions and those in very dilute solution (Jenkins 
and D*Arl, I966; Fasella et al., I966; Fonda and Johnson, 
1970). Other workers have studied very fast steady-state 
kinetics ( 1 minute) of enzyme reactions by spectrophotometry 
(Chance and Williams, 1956). 
Tautomeric equilibria 
Electronic absorption spectroscopy has been shown to be 
useful for evaluating tautomeric reactions (Yeh and Jaffe, 
1959; Jaffe and Orchin, 1962, Johnson and Metzler, 1970). 
If each of the species of a tautomeric ratio have distinctly 
different spectra, it is possible to resolve the experimen­
tally observed spectra into contributions of the individual 
species, to assume values of extinction coefficients for each 
form, to compute the fraction of each species present and 
hcncs, to evaluate the tautomeric ratio® Tîto methods are 
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commonly used to obtain approximately the spectra of the In­
dividual species. The first Involves changing the solvent 
so that the equilibrium Is shifted completely In favor of a 
single tautomer (Metzler and Snell, 1955)* The second method 
Involves chemically altering the parent compound In some way 
which will have little effect on the basicity of the functional 
group (Yeh and Jaffe, 1959; Mason, 1957î Nakamoto and Kartell, 
1959a,b). 
In their chapter on application of spectra to quanti­
tative analysis and the determination of equilibrium, Jaffe 
and Orchln (1962, p. 585) conclude with these statements about 
the varied uses of electronic absorption spectra * "The 
variety of uses of spectrophotometry Is so vast that no at­
tempt will be made to list even examples. Virtually every 
Issue of every major chemical journal contains some cases," 
Computer Analysis of Spectrophotometrlc Data 
There are many examples In the literature where high­
speed computers have been used to solve equilibria and rate 
constants in complex chemical and biological systems using 
electronic absorption data (Ingri and Sillen, 19^ 2; Conrow 
et al,. 1964; Leusslng, 1963; Sillen, 1964; Leusslng and 
Shultz, 1964; Leusslng and Hanna, 1966; Nagano and Metzler, 
1967; Fonda and Johnson, 1970). In much of this work equi­
librium constants and molar extinction coefficients are fit 
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to spectrophotoraetric data according to the least-squares 
criterion and the difference between the calculated spectra 
and observed spectra, error-function, is minimized by several 
standard means. 
Methods of minimizing the error-function 
The "Swing" method of varying each parameter separately 
and minimizing the error-function is used when the param­
eters are independent of each other (Conrow e;b al., 1964; 
Nagano and Metzler, 196?« Nagano and Metzler, 1968), Others 
have used a "Grid" technique to arrive at the best set of 
constants which would give a minimum sum of the residuals 
(Sillen, 1962; Leussing and Shultz, 1964; Fonda and Johnson, 
1970), Another method of finding the best parameters is 
the "Bitmap" method (Sillèn, 1964; Ingri and Sillén, 1965; 
Nagano and Metzler, 196?), This method is a means of mini­
mizing the error-square sum function of the adjustable param­
eters. It has been referred to as the twist method and in­
volves transforming the axes of the coordinates of the ad­
justable constants to those of the main axes of the ellipsoid 
made by the contour lines on the pit surface. Near the 
minimum point, the shape of the surface is assumed to be 
that of a paraboloid in multidimensional space (N+1 -
dimensional space, where N represents the number of constants 
being adjusted). This type of transformation is represented 
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in Figure 1 where U represents the error function being mini­
mized and PKPl and PKP2 are the parameters being adjusted. 
The least-squares method and grid method will be discussed 
in materials and methods along with other programs developed 
for this dissertation. 
Many of the computer methods described in the litera­
ture have been used to adjust equilibrium constants at only a 
few selected wavelengths (Conrow et al., 1964; Wiberg, 1965) 
and compute the molar extinction coefficients at these points. 
Others have developed their programs to make use of the entire 
visible and ultraviolet spectral range to calculate the equi­
librium constants and compute the entire spectra of the in­
dividual ionic species (Nagano and Metzler, 196?j Fonda and 
Johnson, 1970). 
Resolution of electronic absorption bands 
Early workers Involved with resolution of absorption 
bands and band shapes represented these as a linear combination 
of one or more Gaussian curves (Jdrgensen, 1954; Noble and 
Hayes, 1964), These workers have also suggested the use of a 
pair of half Gaussians with two different half-widths. Such 
a representation has no theoretical meaning in regards to a 
particular electronic transition. This not only introduces 
an excessive number of parameters but also assumes additional 
electronic transitions that, in fact, may not exist. 
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y 
Axis Is rotated to 
coincide with long 
axis of ellipse. 
X 
coordinates of this point 
are first trial values of 
PKPl, PKP2 and PKP3, etc. 
In multidimensional space. 
Figure 1. Schematic representation of Slllen's twist method 
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A more reasonable approach is to fit each band by a 
function of wave number that is characterized by just four 
parameters (Siano and Metzler, I969). These parameters are; 
(a) the position of the maximum, 7/^ 1 (b) the molar extinction 
coefficient at the maximum, (c) the half width (width 
at ); Hj (d) and the skewness,^ , defined as the ratio 
of the distances of the curve at from 3/ (Figure 2) 
(Siano and Metzler, 1969). The log-normal curve has been 
found to give a very good fit (Aitcheson, 1957; Koch, I966; 
Siano and Metzler, I969). 
The parameters a, b and c are related to H and /=> by 
c = (ln/^ )/V21n2 
b = H • exp [ 0^ /2] • r/(r^ -i) (^ ) 
a = VQ -Hf/Cf^ -l) 
andvisthe wave number in kllokaysers. The Gaussian is the 
limiting form of 6(1/) when c approaches zero. 
The area, I, under an absorption band represents the 
transition probability and is expressed as 
max 
€(V) = OîV^a (3) 
( 5 )  
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WAVE NUMBER 
Figure 2, Representation of absorption bands for curve 
fitting (Slano smd Metzler, 1969) 
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where 
• exp (c^ /2) (6) 
and varies from 1.06 t o r p - 1  to 1.10 for =1,5» Using data 
collected with 3-hydroxypyrldlne in water-dloiane and water-
alcoholic solvent mixtures and in water at various temper­
atures, it has been shown that the areas and skewness of bands 
are constant within experimental error, while m^ax  ^
for a given compound undergo easily measured changes of up to 
10#.^  Others have also shown that  ^vary 
significantly with temperature (Sulzer and Wieland, 1952). 
Spectra of Individual Compounds 
Shortly after the discovery of vitamin pyridoxlne, 
(Gyorgy, 1934), the structure of the alcohol form, pyridoxol 
(see Figure 3 for structures), was characterized by compari­
sons of the ultraviolet absorption spectra with derivatives 
of 3-hydroxypyridine (Stiller et al., 1939)* These workers 
reported very similar spectra for 2-methyl-3-hydroxy-5-ethyl-
pyridine and pyridoxol. It was also noted that similar char­
acteristic changes occurred in the spectra of these com­
pounds and pyridoxol with changes In pH. 
D^. B. Slano and D. E. Metzler. Solvent and temperature 
dependence of the ultraviolet spectra of 3-OH pyridine in 
solution. Private communication. Iowa State University, 
Ames, Iowa, 1970. 
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3-HPy — H = R' = H" « H, 3-Hydroxypyrldlne 
R" » CHo. H' = CHgOH 
PN — R * CHjOH, PyrldoTol 
5-DPN — R « CEy 5-Deoxypyrldoiol 
R" = CH.. R« = CHENIL 
FM — R m^ CHgOH, Pyrldox&mlne 
5-DPM — R » CH , 5-Deoxypyrldoxamlne 
OH O 
PL — R = CH2OH, Pyrldoxal 
PLP — R » CH2OPO3H2, Pyrldoxal-5-Phoaphate 
5-DPL — H = CHo» 5-Deoxypyrldoxal 
DMDPL — H » CH2CH2CO2H, 5'-Carboxymethyl-
5-deoxypyrld oxal 
Figure 3. Structures of B, analogs and 3-hydroxypyrldlne 
derivatives 
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Each Individual Ionic species of 3-hydroxypyrldlne and 
analogs of pyrldoxol have been shown to possess three major 
absorption bands corresponding to transitions to three dif­
ferent excited states (Metzler and Snell, 1955» Mason, 1957; 
Johnson and Metzler, 1970). These bands will be designated 
here simply as band I, band II, and band III, each repre­
senting air-IT* transition (Mason, 19591 Jaffe and Orchln, 
1962), These three transitions can be compared to those of 
benzene at 39-3 kK (254 nm), 49.0 kK (203.5 nm), and 54 kK 
(185 nm) (Petruska, I96I; Stevenson, I965). Pyridine has 
a much similar spectrum but Is somewhat complicated because 
of the presence of a weak n-ir* transition which overlaps with 
band I (Mason, 1959; Metzler and Snell, 1955)» The n-TT* 
band Is usually very weak In analogs and not easily dis­
cernible In their spectra (Johnson and Metzler, 1970). 
Hydroxypyrldlne derivatives 
As substituants are added to the parent compound of 
3-hydroxypyrldlne there Is a slight bathochromic shift 
(I.e.,to shorter wavelength). Also associated with this red 
shift Is an Increase In the molar extinction coefficient of 
the maximum (Stiller et al». 19391 Metzler and Snell, 1955)* 
Spectrophotometrlc comparison of pyrldoxol and Its N-methyl 
derivative have shown that the first Ionization constant of 
pyrldoxol is chiefly that of the phenolic hydroxy group to 
give the dipolar Ionic form as Is shown In Figure 4 (Harris 
Figure 4. General scheme of proton dissociation of B, 
analogs and 3-hydroxypyridlne derivatives 
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et al.. 1940). Table 2 lists the pK's and absorption peaks 
for a variety of analogs. 
Because of the possible dissociation of either the 
phenolic hydroxy group on the pyrldlnium nitrogen, the neutral 
spectrum is really that of a tautomeric mixture of the 
zwltterion and the uncharged neutral compound. Comparison 
of the spectra of 3-hydroxypyridlne and pyrldoxol In alcohol 
and in water-dioxane mixture has shown that the 31.2 kK (320 
nm) and 40.0 kK (250 nm) peaks are due to the absorption 
of the dipolar ion while the 35*7 kK (280 nm) band is at­
tributed to the neutral nonionic form (Metzler and Snell, 
1955). 
Pyrldoxal and other aldehyde analogs 
Vitamin B^  aldehyde, pyrldoxal, is unique in respect to 
the other aldhyde analogs, since it exists predominately in 
the hemlacetal form (see Figure 3 for structure) (Nakamoto 
and Kartell, 1959b), There is very little free aldehyde or 
hydrated aldehyde present in aqueous solutions of pyrldoxal, 
therefore, it is possible to represent the proton dissociation 
equilibria as the dissociation of the pyrldoxal hemlacetal 
species. In alkaline solution the hemlacetal form also pre­
dominates over the free aldehyde, although the proportion of 
free aldehyde Increases at high pH (Kartell, I963). This 
molecular species In aqueous solution is the reason for the 
slow formation of Schiff bases with pyrldoxal, as compared to 
Table 2, Band positions and heights of electronic absorption spectra and pK's of 
3-hydroxypyrldlne and some analogs^ '° 
Compound^  V € A 1/ e pKg A 1/ e 
3-HPy a 35.4(283) 
45.0(222) 
5.9 
3.3 
4.84 
4.86 
5.10 
bl 
2^ 
32.0(313) 
40.6(246) 
36.1(277) 
3.0 
4.7 
2.2 
8.65 
8.68 
8.72 
c 33.5(298) 
42.5(235) 
4.5 
10.2 
PN a 34.4(291) 
43.1(232) 
8.6 
2.1 
5.00 bl 30.9(324) 
39.4(254) 
7.2 
3.9 
8.96 c 32.3(310) 
40.8(245) 
6.8 
6.3 
PM 
amine 
a 34.1(293) 
44.2(226) 
8.5 
2.0 
3.54 tl 30.8(325) 
39.5(253) 1:1 
8.21 c 32.4(308) 
40.8(245) 
7.3 
5.9 
pK=10.63 
S^ource: Williams and Nellands, 195^ 1 Peterson and Sober, 195^ ; Metzler and 
Snell, 1955; Wlgler and Wilson, 1966; Jaffe and Doak,1955 
T^he following symbols will be used as headings in this tablex = Ionic fons 
(Figure 4); v= Wave number of peak position, kK (Wavelength values in parentheses, 
nm); € = Molar extinction coefficient X 10"-^  
®See Figure 3 for compound structures 
Table 2, (continued) 
Compound £\ 1/ € pK^  A 3/ € PK2 zl 3/ ( 
PLP af 29.8(335) 1.8 4.14 bf 
phc sphate ah 33.9(295) 6.7 
grcup pK' s bh 
1.^ , 6.2 
5-DI'L af 29.2(342) 1.9 4.17 bf 
39.2(255) 1.6 
ah 34.0(294) 6.4 bh 
PL^  ah 34.7(288) 9.0 4.2" bh 
43.5(230) 3.0 
26.0(384) 
40.0(250) 
30.8(325) 2.6 
8.4 cf 
ch 
25.8(388) 
37.0(270) 
32.8(305) 
6.6 
3.0 
1.1 
26.1(383) 
40.0(250) 
30.9(324) 
4.26 
4.2 
2.6 
8.14 cf 25.6(391) 
37.7(265) 
32.7(306) 
6.2 
3.4 
0.6 
31.5(317) 
39.7(252) 
8.9 
5.8 
8.66 ch 
cf 
33.1(302) 
41.6(240) 
25.6(390) 
n 
2.0 
Pyrldoxal exists predominately as the heml acetal except at high pH's where 
some free aldehyde does exist, therefore, the Ionic forms can be assigned on the 
bases of the Ionic structures of the hydrated aldehyde (pK^ 1^3, dissociation of a 
proton from the hydrated carbonyl) 
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deoxypyrldoxal, pyridoxal phosphate and other aldehyde 
analogs (Albert, 1964). 
The addition of the free aldehyde group to 3-hydroxy-
pyridine derivatives causes a change in the dissociation 
constants and the electronic absorption spectra. The proton 
dissociation constants are somewhat lower than their values 
for the free 3-hydroxypyridines and their 4-hydroxymethyl 
derivatives. Also, the absorption spectra for most bands 
exhibit a small bathochromic shift over their respective 
alcohol (Metzler and Snell, 1955; Kartell, 1963; Williams and 
Neilands, 195^ » Peterson and Sober, 195^ ), 
The free aldehyde is in equilibrium with the hydrated 
aldehyde in all compounds; 3-hydroxy-4-aldehydepyrldlne, 
5-deoxypyridoxal, a-carboxymethyl-5-deoxypyridoxal, and 
pyridoxal phosphate (see structures Figure 3)« Each of these 
species, the free aldehyde and the hydrated aldehyde, have 
three absorption bands in their ultraviolet spectra (Johnson 
and Metzler, 1970). The decrease in the relative concen­
tration of hydrated aldehyde with increasing pH is due to a 
decrease in the electron-withdrawing power of the pyridine 
ring as a result of the step-wise dissociation of protons. 
In decreasing the positive character of the charge on the 
formyl carbon atom, the addition of water across this car-
bonyl band will be less likely (Albert, 1964). 
The pyridine aldehyde compounds without the 3-hydroxy-
24 
substituent still exhibit two dissociation constants, the 
second of which is very small (about 10" ) and results from 
the dissociation of a proton from the hydrated carbonyl group 
(Kartell, I963), This has also been observed for pyridoxal 
(Metzler and Snell, 1955î Nagano and Metzler, 1967). 
model systems 
The study of the interaction of aldehyde and analogs 
with amino acids in nonenzymatic systems has been helpful in 
understanding the role of the coenzyme in enzymatic reactions. 
Examples of these nonenzymatic reactions are very numerous in 
the literature (Schirch and Slotter, I966; Cennamo, 1967; 
Maley and Bruice, 1970; Maley and Bruice, I968; Cennamo, 1964; 
Nagano and Metzler, 1967; Martell and Matsushima, I968), 
These substituted pyridinium aldehydes react with a-amino 
acids in aqueous or alcoholic solutions to give Schiff bases, 
which absorb generally in the visible region of the spectrum 
(Matsuo, 1957; Metzler, 1957). The dissociation equilib­
rium and spectral band assignments are shown in Figure 5. 
The hyrogen-bonded aldimine forms of pyridoxylidene amino 
acids have been compared with those of salicylaldehyde 
imines and assigned the absorption bands at 23,5 - 24,8 kK 
(403-425 nm) and 35,7 - 37.7 kK (265-280 nm) depending on 
structure and solvent (Lucas ^  1962; Heinert and Martell, 
1963). The tautomeric phenolic structure of this hydrogen-
bonded aldimine or quinoid form absorbs around 31 kK (322 nm). 
Figure 5» General scheme of proton dissociation of Schiff bases of model 
systems 
The first absorption band of each ionic species is also shown. 
2 4 . 2  k K C 4 U  h t n )  23.8 kK(410 hnO i"? -19 kk (310-34^  Y\w\) 
N 
ro ON 
—C^ —.. 
,/0 
H^ O 
H 
about 31 kKC321 *m) 31,1 KK (310 x\Tn) 
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A model Imine analog has been reported which absorbs at 
23.4 kK (427 nm) but Is not capable of any internal hydrogen 
bonding (Fisher and Metzler, 1969). Therefore, the structure 
giving rise to the low-energy band is the orthoqulnold 
structure (see Figure 6), 
An absorption band at lower energy, about 20.4 kK (480-
490 nm). In model systems of some analogs and amino acid 
esters in ethanol has been shown (Schlrch and Blotter, 1966). 
This intermediate Is assumed to be that of the carbanion 
intermediate shown in Figure 7. Since such an Intermediate is 
quite unstable It would only be expected to exist in a non-
polar solvent such as ethanol (Cram and Guthrie, 1965)» 
Protonation of the pyrldinlum nitrogen results In only 
a slight hypsochromic shift (blue shift) in the absorption 
peaks of the Schiff base complexes (Kartell, I963). The pK 
of this dissociation is approximately 6.0, while the pK of 
the "Imlne" nitrogen Is between 9.5 and 11.5 as a result of 
the formation of a rather stable hydrogen bond between the 
phenolic oxygen atom, the Imlne nitrogen atom and possibly 
the carboxylate group of the amino acid residue (Metzler, 
1957; Christensen, 1958). 
Metal Ions have also been shown to be good catalysts for 
Schiff base formation and transamination of the reactants 
to products In aqueous and alcoholic solutions (Matsushima 
and Martell, 1967; Leusslng and Huq, I966; Gansow and Holm, 
-H 
pK - 6.1' 
13. 4 KK (427 nrn> 
N 
pK = 6 ,^  
Y 
23.2 kk(430 nm) 
N 
27.S kK(364 nm) 
î 
K> 00 
a6.7 kK(375 nm) 
Figure 6. Schematic representation of ionic equilibrium of 5'-amlnomethyl-5-
deoxypyrldoxal (Fisher and Metzler, I969) 
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Figure 7, Formation of carbanlon Intermediate In a 
model system (Schlrch and Slotter, I966) 
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1969; Abbott and Kartell, 1969). The replacement of the 
"Imlne" proton with the metal ion results in a slight blue 
shift in the absorption spectra (Kartell and Matsushima, 1968), 
Spectral properties of some PLP-dependent enzymes 
Many of the properties of pyridoxal model systems are 
found to be similar to those of pyridoxal phosphate dependent 
enzymes. The absorption bands of the coenzyme are clearly 
visible above 33 kK (300 nm). The forms of PLP dependent 
enzymes absorbing maximally between 2>25 kK (400 and 430 nm) 
have been shown to be internal Schiff bases with €-amino 
groups of lysine residues of the protein. This was first 
shown for aspartate aminotransferase (Jenkins and Sizer, 1957), 
Reduction of a number of PLP-enzjrmes with sodium borohydride, 
which reduces the Schiff base to a secondary amine, followed 
by enzymatic digestions and hydrolysis led to isolation of 
pyridoxyl lysine from phosphorylase (Fischer and Krebs, 1966), 
serine transhydroxymethylase (Schirch and Mason, 1963)» 
glutamic decarboxylase (Anderson and Chang, 1965)» threonine 
dehydrase (Phillips and Wood, 1965)» pyridoxamine pyruvate 
aminotransferase (Dempsey and Snell, 1963)» D-Serine dehydrase 
(Labow and Robinson, 1966), L-aspartate a-decarboxylase 
(Wilson and Kornberg, 1963) and leucine aminotransferase 
(Taylor and Jenkins, 1966), 
4-ko orrl/Irtf en*»ft+;r>oT an/4 nhAmlcol Tnoo!aiir»ATnoM+".fi 
it has been proposed that PLP can be bound to the € -amino 
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group of lysyl residue on the protein In at least three ways; 
(a) protonated Schlff base having an absorption maximum In 
the 24.4 to 23,3 kK (410-430 nm) region; (b) a nonprotonated 
Schlff base having an absorption maximum In the 27,8 kK (360 
nm) region; and (c) a nonreducable aldlmlne adduct which ab­
sorbs In the 30,3 kK (330 nm) region (Fasella, 1967). Possible 
structures for these forms are shown In Figure 8, Great care 
should be exercised In Interpreting spectral bands near 
30.3 kK (330 nm) because of the variety of structures that 
can give rise to absorption In this region. Care should 
also be taken in assuming that the state of dissociation of 
the pyridine ring can be deduced from spectral data, because 
for many forms the spectra change little with changes in the 
state of dissociation of the ring nitrogen. 
Another spectral band which exists with some enzymes, 
absorbs in the region of 19*8 to 20.6 kK (505-485 nm) 
(Jenkins, 1961; Schirch and Mason, I963). The enzyme-
substrate complex giving rise to this band is postulated to 
have a structure in which the a-carbon of the amino acid has 
lost a proton forming a carbanlon intermediate (Shlyapnlkov 
and Karpelsky, I969). 
Figure 8, Schematic representation of the various ways by 
which the Bx coenzyme can be bound to a protein 
with the resulting absortlon bands listed 
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MATERIALS AND METHODS 
Compounds Used 
analogs 
Many of the analogs used for this study could not 
be purchased and, therefore, they were either synthesized or 
supplied by other workers. 5-Deoxypyrldoxol (DPN) and Its 
aldehyde form, 5-d-eoxypyrldoxal (DPL), were synthesized by 
published methods (Iwata, 1968; Muehlardt and Snell, 1967), 
with only slight modifications made to adapt the preparation 
to available apparatus. 
The synthetic pathway, followed for preparing the 5-
deoxy-compounds, is shown in Figure 9, starting with pyridoxol 
which was purchased In large quantity from Nutritional Bio­
chemical Corporation. In preparing compound IV small amounts 
of III (1,5 to 2,0 gm) were hydrogenated at a time and the 
filtrates were combined. After acid hydrolysis to remove the 
isoproplylidene group attempts were made to oxidize the alcohol 
with cerium (IV) (Trahanovsky and Young, 1965)» Only a very 
small amount of oxidation could be achieved, therefore, ox­
idation with "activated Mn02" of the alcohol was used (Polansky 
et al., 1964; Iwata, I968), This procedure resulted in some 
over oxidation of desired aldehyde to what was assumed to be 
the pyrldoxlc acid. 5-Deoxypyrldoxal could easily be sep­
arated from these impurities by sublimation at moderate 
temperature and reduced pressure. This sublimation was carried 
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Figure 9, Pathway for synthesis of 5-deoTypyrldoxal (Iwata, 1968) 
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out at 59-60° G at a reduced pressure of about 3.0 mm. mer­
cury. 
Thin-layer chromatograms of the aldehyde and alcohol 
deozy-compounds developed in a butanol-acetic acid-water 
solvent system (organic layer, v/v ratio, 4:1:5) demonstrated 
chromatographicly pure 5-deoxypyridoxol (2^ =0.30) and a 5= 
deozypyridozal spot (E^ =0,56) that contained only a very small 
amount of the over oxidized compound {R^ O.35) detectable 
by fluorescence on the ultraviolet transilluminator but would 
not give a positive Gibb's test with N,2,6-trichloroben-
zoquinoneimine (Gibbs, 1927). Purity of the 5-<ieorypyridoxal 
sample was estimated to be about 98-99#, by comparing the 
size and Intensity of the spot of the Impurity to chro-
matogram spots of known amounts of pyridoxic acid. All 
samples were placed in either dark bottles or bottles wrapped 
in aluminum foil and stored in the freezer at -11° C. 5-
Deoxypyridoxal was found to decompose very slowly over a 
long period of time. The final experiments for the pK deter­
mination and spectra of the ionic forms of 5-deoxypyridoxal 
were run using a freshly sublimed sample. 
The major Impurity (over oxidized product) remaining from 
$ 
the sublimation of 5-&Goxypyridoxal was recrystallized from 
hot absolute ethanol and grayish white crystals were collected 
by suction filtration. The mass spectrogram of this compound 
exhibited a major ion peak for a molecular weight of I65 
which would correspond to that of the pyridoxic acid lactone. 
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a very likely product If any of the starting compound of 
pyridoxol was present when the oxidation step was carried out 
(Ahrens and Korytnyk, 196?). 
5-Deoxypyrldoxamine (DPM) was synthesized by Thomas L, 
Fisher In this laboratory. The Identity of this compound was 
checked by non-enzymatic transamination with glyoxyllc acid 
In carbonate buffer, pH 9«50» In a water bath at 50® C, After 
Incubating for 20 hours the sample was chromatographed on a 
thin-layer silica gel plate smd developed. A fluorescent 
spot corresponding to that of 5-DPL (R^  = O.56) was detected, 
also the ultraviolet absorption spectrum was the same as that 
of an authentic sample of 5-deoxypyridoxal. 
5 *-Carbozymethyl-5-deozypyrIdoial (CMDPL) was prepared by 
Dr. Chuzo Iwata in this laboratory (Iwata and Metzler, I967). 
Pyridozal phosphate (PLP), pyridoxal (PL), pyridoxol (PN) 
and 4-deoxypyridoxol (4-DPN) were obtained from Sigma Chemical 
Company, Pyridoxol was recrystallized from hot 95^  ethanol as 
the hydrochloride by adding an excess amount of 6N HCl. 
The other hydroxy compounds studied in this research, 
3-hydroxypyridlne (HPy) and N-methyl-3-hydroxypyridlne, were 
purchased from Aldrlch Chemical Company. The 3-hydroxypyrldlne 
sample contained two impurities which could be detected by 
chromatographing and checking on the ultraviolet trans-
illuminator. A sample of this compound was recrystallized 
twice from hot methanol (20 gm. dissolved in 50 ml. hot 
38 
methanol) and chromatographed on a thin-layer silica pel 
plate. The developed thin-layer chromatogram contained only 
one fluorescent spot, that of the purified 3-hydrozypyrldine. 
2 
stock solutions of 10" M of all analogs studied were 
prepared by dissolving the appropriately weighed amount of 
analog in 10 or 25 ml, of redistilled water and storing the 
solution in either brown bottles or bottles wrapped with 
aluminum foil. These samples were kept in the refrigerator at 
4° C, and were removed and warmed to room temperature before 
pipetting the desired amount, usually dilutions of 1 to 100, 
Stock solutions of S-DPL were prepared similarly, except 
that 4 to 5 drops of 6N HGl were added to increase the 
solubility of 5-DPL and to increase its stability. Spectral 
measurements to check the stability of these stock solutions 
were made periodically in 0,1 N HCl and 0,1 N NaOH and com­
pared to reported literature values. Most compounds were 
very stable when stored at 4° G except for PLP which de­
composed quite readilji especially when exposed to light. 
Buffers 
Buffers were prepared from analytical grade potassium 
and sodium salts of a variety of buffer acids. These buffers 
and their pK value and pH buffering range are shown in Table 3, 
Formate, acetate and carbonate buffers are transparent to 
about 41.0 - 43iO kK, lehllc HCl, phosphate aiid NaOH solutions 
are transparent to about 49,0 - 51*0 kK, Buffers were prepared 
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from an 0,5 M stock solution of the appropriate salt and HCl or 
Table 3. Buffer acids used for buffering solutions for pK 
determination 
Buffer acid Apparent pH Range 
pK 
HCl —2.2 — 2.5 
Formic acid 3.7 2.7 - 4.9 
Acetic acid 4.6 3.4 - 5.9 
Dihydrogen phosphate 6.8 5.7 - 8.1 
Bicarbonate 10.0 8.6 - 11.2 
Sodium hydroxide 11.0 - 13.0 
NaOH to a final buffer concentration of 0.05 or 0,1 M, 
Buffers of any desired pH can be prepared quickly by mixing 
together the component stock solutions in the appropriate 
amounts according to the Henderson-Hasselbalch equation 
where the pK represents the "apparent" pK of the buffer and f^  
pH - pK = log A/HA = log f^ /(l-f^ ) (?) 
is the degree of dissociation, i.e., the fraction of total 
buffer acid in the dissociated form, Â. Tables listing the 
degree of dissociation, f^ , and the A term (A = pH-pK) have been 
published which enable the rapid calculation of the pH 
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function for buffer preparations and theorotloal titration 
curves (Johnson and Metzler, 1970). 
In cases where buffered solutions were used to check 
the absorbance value of a particular compound, ionic strengths 
were not adjusted to a constant value, because the spectra of 
most forms of vitamin are not influenced by the ionic 
strength. For the spectral determination of the pK constants 
the ionic strength was adjusted to a constant value of 0,5 
or 0.2 M with potassium chloride. Table 4 lists some general 
equations which were found to be very helpful in calculating 
ionic strengths,X , of the buffer solutions. 
Table 4, General equations for calculating ionic strengths, 
Mt of buffer solutions used 
Type of buffer®" Equations^ *® 
A" + HCl A = =t 
HA + NaOH M = Ctf. 
A" + HA V a 
H«A" + NaOH M — Ct(2f +1) 
A^" + HA"" V CL 
HA"' + HCl M = 
buffer acid; A" and H2A'", mono basic; HA"", dibasic 
= total concentration of buffer, generally 0,1 or 
0.05 M  ^
®fj represents the degree of dissociation of the buffer 
acid  ^
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In the determination of pK's at elevated temperatures, 
potassium chloride was not as transparent as it was at room 
temperature, therefore sodium perchlorate was used to adjust 
the ionic strength of these solutions. 
The spectrophotometrlc titration of the very acidic 
pK's of 5-deoxypyrldoxal required a method for determining the 
pH of strong acid solutions of hydrochloric acid. Two 
methods of expressing the "apparent" pH values of hydrochloric 
acid solutions were used (Table 5)* One set of "apparent" 
pH values was determined by calculating the negative log of 
the mean hydrogen activity (-log a^  values were determined 
from published values of the mean activity coefficient,T^ ) 
(Robinson and Stokes, 1955) for various concentrations of 
hydrochloric acid at 25® C by using the expression, a^  = 
mjj+. The other method for defining a working pH scale 
was to use the values of the Hammett acidity function, H 
o 
(Paul and Long, 1957). The scale is defined as 
-log(ajj'Y'g/"ÏHB+), where a^  is the hydrogen activity and Tg 
and TJJB+ are the activity coefficients of an uncharged base 
ÊUid its conjugated acid, respectively (Bates, 1964; Jaffe 
and Orchin, 1962 ). Calculation of pK values were made 
using both pH scales and the results were compared. 
Electronic Absorption Spectra 
Electronic aosorption spectra were collected on the 
42 
Table 5» pH values of concentrated HGl solutions at 25° C 
b 
± 
-log a+ 
*0* 
0.1 0.796 lilO 0.98 
0,2 0.767 0.81 
0.5 0.757 0.42 0.20 
1.0 O.8O9 0.09 —0.20 
1.5 -0.47 
1.6 0.916 -0.17 
2.0 1.009 -O.3O -0.69 
2.5 1.147 -0.46 -0.87 
3.0 1.316 •"0.60 -1.05 
3.5 1.518 -0.73 -1.23 
4.0 1.762 -O.85 -1.40 
5.0 2.38 —1.08 -1.76 
6.0 3.22 -1.29 -2.12 
7.0 4.37 -1.49 —2.56 
8.0 5.90 -1.67 -3.00 
9.0 7.94 -1.86 -3.39 
10.0 10.44 -2.02 -3.68 
®Molar concentration of HCl 
P^rom Robinson and Stokes, 1955# PP» 476 and 489 
°Prom Paul and Long, 1957t P* 12 
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Cary model 15 and Cary model I501 rocordlnp spootrophoto-
meters. Two procedures were used to collect and record the 
absorption values for processing the data with the IBM 36O/65 
computer. The first procedure Involved the manual transcrip­
tion of spectral points at 5*0 nm Intervals over the entire 
spectra with supplemental points at 2,5 nm Intervals (Nagano 
and Metzler, I967). This procedure was very tedious and time 
consuming, also human error Is Introduced In reading the 
spectral charts. After the addition of the Datex digital 
output system and an IBM card punch to the Cary 15 and later 
1501, absorption values were recorded directly on IBM cards 
from the spectrophotometer. The absorbances were punched out 
at 2 nm or at 0,2 kK Intervals, This allowed for the char­
acterization of a spectral scan with 75-140 points at set 
intervals. 
Model compounds 
Spectra of model compounds were collected by making 
appropriate dlllutions of stock solutions to give a final 
concentration of 10"^  M with the appropriate buffer. 
Cuvettes with a path length of one centimeter were used for 
all measurements. Most compounds were recorded at room 
temperature which was assumed to be approximately 24° C + 2°, 
except for the aldehyde spectra which were found to be quite 
temperature dependent. 
The aldehyde spectra were collected at 25° C + 0,1° by 
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using a thermostated cuvette holder, while at higher and lower 
temperatures measurements were made using a jacketed cuvette. 
In both cases the reference sample was not thermostated. The 
temperature of the sample was measured by use of a previously-
calibrated VECO Model 41A7 thermistor (Victory Engineering 
Corp.) and associated CENCO wheatstone bridge assembly with 
built in galvanometer, 
pH measurements were made with a Coming model 12 
research pH meter and a Sargent 30070-10 or a Coming 475050 
semi-micro combination electrode. Standard buffer solutions 
from Mallinkrodt and Fisher were used for calibration of the 
electrodes. For pH measurements at 50° C, buffers and samples 
were equilibrated in a constant temperature bath before taking 
the measurements. The pH of each test solution was obtained 
shortly after the spectrum was recorded. 
In determining a single pK, the spectra of the two ionic 
species must be established as well as the pK, An absolute 
minimum of three solutions of different pH values would be 
required, but generally 5-7 solutions were used, and for 
each additional pK of the compound 4-5 more solutions were 
used. Figure 10 is a theoretical titration curve of a mono-
protic acid showing a desirable selection of pH values at 
which experimental points are needed for determining the 
three unknown parameters, 6^ , and pK, In most cases an 
attempt was made to secure pH measurements for determining 
Figure 10, Theorectical selection of pH values needed for pK determination 
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each unknown pK so that two or three pH values were near the 
pK and two values were at least 2 and possibly 3 pH units away 
from the pK in each direction. 
Enzyme spectra 
The spectra of aspartate aminotransferase with various 
inhibitors and substrates were collected by Dr. Margaret L. 
Fonda in this laboratory. These spectra were corrected for 
base line errors and for very small amounts of turbidity when 
necessary. It was found that the absorbance due to turbidity 
increased linearly with wave number over the range 18.8 to 
31.3 kK. The parameters, intercept and slope, for the linear 
correction were calculated from standard plots (Fonda and 
Johnson, 1970). In order to determine the pK, formation con­
stants, and the spectra of the ionic forms of the enzyme-
inhibitor complexes, the following spectra were collected; 
(a) spectra of solutions of high concentration of inhibitor 
at several pH values to obtain a pKj (b) spectra of the 
enzyme with lower concentrations of inhibitor to obtain the 
inhibitor formation constant. In the case of the enzyme-
substrate complexes, spectra at several concentrations of both 
the keto acid and the amino acid were obtained. 
Computer Programs 
All programs used were written in POBTRAN IV language 
for use with the IBW jJbo/63 computer. The automatic grapning 
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was done using the Simplotter Subroutine and the Cal-Comp 
Digital Incremental Plotter (Scranton, 1966), 
One component systems 
Several programs have been written and used to minimize 
the error-function, U, from the least-squares calculation of 
the molar extinction coefficient of the individual ionic 
species. Two methods have been used to automatically adjust 
the pK values for up to three successive proton dissociations. 
These two methods are the swing method for non-overlapping 
pK values and the steepest descent method for overlapping 
pK's, A copy of the steepest descent program can be found 
in the appendix. 
Swing method (6-1-A) If successive pK values differ 
sufficiently, e.g., by about 3 units, each pK can be adjusted 
independently. Trial values of the pK's are supplied to the 
computer along with the experimental spectral data. The least-
squares calculation of molar extinction coefficients is per­
formed and the sum of squares of the deviations, U, is eval­
uated (Nagano and Metzler, 196?), 
The equilibrium concentrations of the individual ionic 
species are evaluated in the following manner for three suc­
cessive proton dissociations, K^ , Kg, and K^ , The four ionic 
K, V. V 
HJP ^  H2? ^  HP p 
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forms are represented by H^ P, H2P, HP, and P. The sum of the 
concentrations of the individual ionic species equals the 
total concentration, C^ . It is very easy to express the total 
concentration as the product of the concentration of any one 
of the individual ionic forms and some function of the three 
dissociation constants and the pH as shown in equations 8 and 
9. The ssrmbol, a^ , represents the apparent hydrogen ion 
= ^ H^P^  ^ HP ~ (8) 
a = 1 + ag/Kg + (9) 
"activity" calculated by a^  = 10"^ .^ Relationships for the 
calculation of the other three species are shown in equation 
10. 
~ (aH^ (CHp)A2» S ~ 
The least-square calculation of the molar extinction 
coefficients of the Individual ionic species is accomplished 
In the following manner assuming that Beer's law is obeyed 
by all ionic species. If no interaction occurs between 
species, each experimental absorbance. A, at any pH may be 
represented by 
4 
A = Z C.C.I (11) 
1=1 ^ 
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where j = 1,2,3,4 refers to the four Ionic species, P, HP, 
HgP and H^ P, The path length, 1, is assumed to be 1 cm. At 
any one wave number, the €*s are constant, but the concentra-
observed absorbances is equal to the experimental ab-
sorbance of the ith solution at the kth wave number, minus the 
computed value given by equation 11. The sum of the squares 
of the deviations, U, for all solutions at all wave numbers is 
given by equation 12, 
The sum of the squares of the deviation is minimized 
when = 0. At each of the wave number points, k, one 
must solve four simultaneous equations of the form shown in 
equation 14 in which j* = 1,2,3, and 4 for the first, second, 
third and fourth equations, respectively. The solution of 
equation 14 is expressed as the ratio of two determinants ; 
tions, Cj, vary with pH. The deviation between computed and 
4 4 
(13) 
(14) 
(15) 
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where 
D J,j' = 1,2,3 and 4 (l6) 
and D.. Is the matrix In which the jth column of D Is replaced 
JK. 
by the vector, ®3i-^ ik» ^ °ifl-^ lk^  • 
The program Is setup In a general form so that the 
number of pK's from 1 to 3 may be computed. Conditional 
statements are Inserted for handling two pK's by setting 
either the third pK ^  15 or the first pK 4 -5« For deter­
mining only one pK both values of pK2<-5 and pK^ >15 are used. 
Second or third order determinants are then substituted for 
the fourth order determinant otherwise required. Solutions for 
solving 3 X 3 or 4 X 4 determinants are written as functional 
subprograms, while the 2X2 determinant is written out in 
the main program. 
The value of U is an index of the goodness of fit and 
plays a very important role in the subsequent automatic ad­
justment of pK values. An additional term was added to the 
error teiTn,U, to weight heavily the calculations of meaning­
less negative extinction coefficients. To diminish the pos­
sibility of arriving at a false solution with negative extinc­
tion coefficients, a new index of error, U^ , is defined by 
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where represents the sum of squares of 
deviations for all negative values of t multiplied by a 
weighing factor of 100 times the squsure of the total con­
centration. In the program the error function Ug^  is given 
the symbol SQSD, 
In the swing program the successive pK's are now adjusted 
by varying the first pK by an increment of value, A ( A= 0.4). 
All computations are repeated and a new value of is deter­
mined and compared with the first one. If the difference 
between the two values is positive (i.e., the first 
value was a better fit), the pK is varied by 0.5/Û in the 
opposite direction. If the difference is zero or negative, 
the pK is varied by 0.5/1 or A In the same direction, respec­
tively. This is repeated until the value of Û falls to less 
than 0.004 before the second and third pK's are adjusted, 
respectively in a similar manner. If the pK values are close 
enough to overlap (closer than 2.5 units) it is necessary to 
repeat the entire calculation a second or third time to ensure 
a correct answer. This is achieved by setting the index 
marker, JC, equal to 1,2 or 3 depending on how many iteration 
are required, which generally was found to be 2. The values 
giving the best fit, (i.e., minimum value for U) are used 
to compute the final spectra of the ionic species which are 
graphed out and supplied on card output. 
Another measure of the goodness of fit is the standard 
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deviation of the absorbance values (SDAB) which Is given by 
equation 18. (XDF), the number of degrees of freedom, is 
SDAB = (U^ o/Ndf)^  (18) 
equal to the product of the number of solutions (NUMPH) 
minus the number of pK values evaluated (NN), multiplied by 
NSP, the number of wave number points per spectrum. 
Input data needed for computing the pK's and spectra of 
Individual ionic forms using program 5-1-A (swing method) 
are listed in Table 6. 
Steepest descent (SPL-1) The other method for minimiz­
ing the square sum of the deviations is the steepest descent 
method. This program is used for solving pK's of overlap­
ping constants. Program SPL-1 (steepest descent) employs the 
least-square sum of the deviations as used in program 5-1-A 
(swing method). The error-function, U, is minimized by fitting 
a parabola through three points (U^ , ^ 2 U^ ) in the 
NUMCH + 1 dimensional space (NUMCH equals the number of pK's 
adjusted) determined by the pK's and their resultant error-
function, U. These points of the parabola are calculated 
from a gradient function of U, The gradient Is determined by 
finding the difference in the error-functions when each vari­
able pK is changed by plus or minus a specified Increment 
(usually 0,05). Figure 11 demonstrates how these airrerencss 
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Table 6, Input data needed for computing pK's and absorption 
spectra of Ionic forms using Program 5-1-A (Swing 
method) 
Data set Program name Descriptions 
1 JACK 
2 PKPl, PKP2, PKP3 
3 NUMPH 
4 VrVLO, WVLI, DELTA, 
Name of compound 
Trial pK values 
Number of different 
sample spectra 
TEMP First and final wave 
numbers, sampling In­
terval, temperature at 
which spectra were col­
lected 
5 PXLT Total concentration of 
compound, (If concen­
tration of samples not 
constant, replaced with 
CONC(I)) 
6 PH(I), 1=1, NUMPH pH of solutions being 
used 
7 XLAB, YLAB, GIABl, GLAJB2 labels for abscissa and 
ordinate, labels used 
to identify the graph 
plotted 
Absorbance values of 
NUMPH solutions 
Absorbance values of 
blanks (J-speclfles 
number of blanks 
8 SPEC(K,I) 
9 S?ECB(K,J) 
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Figure 11, Graphical illustration of procedure for finding 
gradient and parabola values calculated by the 
steepest descent program 
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are used to determine the direction of steepest descent for 
which the gradient vector, VEC, will be used. The length of 
the vector is normalized and two additional error-functions 
are calculated at points of pK - VEC and pK - 2*VEC, These 
three points, (0, SQSA), (1, SQSB) and (2,SQSC), are the 
points through which the parabola is determined. The param­
eters of the parabola, SQSD = aX^  + bX + c, are easily-
calculated using the three points listed above. The expres­
sions of equation 19 can be solved simultaneouly to give the a 
X = 0; c = SQSA 
X = l ;  a + b + c =  S Q S B  ( 1 9 )  
X = 2 ; 4a + 2b + c = SQSC 
and b terms of equations 20 and 21, The minimum point of 
the parabola is determined by setting dCSQSDj/dX = 0 and 
solving for X. The value of X at the minimum Is assigned 
the name DEC5 in the program. The coordinates of the minimum 
point are then transformed back to the original coordinate 
system by multiplying them by the gradient vector, VEC, 
This procedure is reiterated starting from the new minimum 
point until the pK increment is less than 0,004 or until a 
2a = SQSC + SQSA - 2 SQSB = ATERH 
b = (SQSC - SQSA - 2ATERM)/2 = BTERM 
(20)  
(21) 
2aX + b = 0; X = -b/2a = -BTERM/ATERK (22 )  
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preset number of iterations, JX, has "been achieved, usually 
10. 
The output from program SPL-1 is similar to the swing 
program, graphs and cards of the spectra of the ionic species 
are plotted and punched along with an output of the param -
eters giving the best fit of the minimized error-function. 
Input data needed for program SPL-1 are listed in Table 7. 
Two smd three component systems 
For the determination of the formation constants and 
pK's of complex system two different programs were also 
used. The first of these two was the grid method which in­
volves varying each parameter by a certain amount both in the 
positive and negative direction and evaluating the error-
function at those points. This results in an N-dlmensional 
grid of 3^  values of U, where N is the number of constants 
being adjusted. The second method for adjusting the param-
eters of a complex system was a modified version of the 
steepest descent method, SPL-1, used for the pK determi­
nations. 
Steepest descent (SPL-2) The steepest slope program 
for pK determinations can be directly applied to the cal­
culation of formation constants and pK's of complex systems. 
The only changes needed are associated with the subroutines 
EQUIL and ECOEP (subroutines for determining equilibrium 
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Table 7, Input data needed for computing pK's and absorption 
spectra of ionic forms using Program SPL-1 (Steepest 
descent)* 
Data set Program name Descriptions^  
1 JACK 
2 WVLO, WVLI, DELTA, TEMP 
3 NUMPH 
4 DEC Increment for changing 
pK's 
5 NUMCH Number of pK's to be 
changed 
6 JEQ(I), 1=1, NUMCH Index of pK's which are 
to be changed (l-PK(l) 
changed, 2-PK(2) changed, 
3-PK(3) changed) 
7 PK(I), 1=1,3 Three trial pK values 
8 PXLT 
9 PH(I), 1=1, NUMPH 
10 XLAB, YLAB, GLABl, GLAB2 
11 SPEC(K,I) 
12 SPECS(K,J) 
*Copy of complete program is located in the appendix 
See Table 6 for program names described previously 
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concentrations and molar extinction coefficients). For the 
complex system shown in Figure 12, model I represents a 
simple two-component scheme forming a light absorbing 
species, HPL, with a non absorbing compound, L. This model 
has been applied to enzyme-inhibitor complexes in which the 
only unknown parameters are; the proton dissociation con­
stants K^ , Ky, Kg, the formation constant,K^ , and the molar 
extinction coefficients of the ionic species PL, HPL, H2PL 
and H^ PL. For the complete scheme, model II, used for enzyme-
substrate calculations the only unknown variables are 
and the molar extinction coefficients for the intermediate 
complex, HPX, 
Expressions describing the equilibrium concentrations 
of the various ionic species in model I can be derived similarly 
to those for the one component model in equations 8, 9 and 
10, The formation constant, is calculated from equation 23, 
where Cyp, and Cgpj^  are the concentrations of the ionic 
forms HP, L and HPL. Equations relating the equilibrium 
concentrations of the ionic species L and HPL to the total 
concentration of these two components are derived similarly to 
those for a in equation 9» 
 ^~ ^ HPL^ H^P^ L' ^ HPL ~ S^ HP^ L (23) 
; = 1 + ag/k^  + (ajj) . 
HjPL (?) H^ L jk JK 
H^PL(n) HL 
K„ Jk 
V L 
j i ' '  '8 
PL (S-J 
Mode I T 
H3P CM) 
jr«. 
Hj.P (i) 
Ih 
HP (2) 
Jk 
P U) 
H^ B Hj^ L 
\\ Jk 
HB HL 
+ B ^ HPLCio) V L + 
ON O 
M o d e l  H .  
Figure 12, Schematic representation of models used In analyzing complex systems 
with the steepest descent and grid programs 
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T= 1 + a^ /Ky + (ay)^ /KyK^  + Kg/a% (25) 
The expressions for the total concentrations of the two 
components, C^ p and C^ j^ , are shown In equations 26 and 2?. 
C^ p = otC'fjp + IT' Cgp = C^ p/((i+TKçC'^ ) (26) 
t^L ~ ~ Cti/fP+TK^ Cyp) (2?) 
The values of C^ p and Cj^  are obtained by the computer through 
successive approximations. The first estimate of Cj^  Is given 
by and successive estimates of Gyp and Cj^  are 
obtained from equations 26 and 27 until the per cent of 
change of C Is less than 0.01, usually about 8 Iterations 
HP 
are required. 
The expressions for the equilibrium concentrations 
of the Ionic species of the product formed are derived 
similarly to those In equation 10 for the single component 
model• 
°H^ PL = P^L = 
(28) 
The least-squares calculation of the molar extinction 
coefficients of the Individual Ionic species of the product 
Is treated the same as for the single component model, except 
the contribution made to the spectra by the Individual Ionic 
"f* e»+»o 1^ +'4 <T 4 Q onK+:y*o A+l A/1 All •*. 
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before calculating the elements of the determinant. 
In treating the entire complex model II (Figure 12) 
only three unknown parameters are Introduced, the two form­
ation constants, and the molar extinction 
coefficients of the complex, HPX, The formation constants 
are expressed In equations 29 and 30. A function similar to 
^12 ~ ~ ^ 12*^ HP^ B (^ 9) 
%3 - H^PM " '^ HPx/%3^ L (^ 0) 
those of a, 0 and T relating the acid dissociation constants 
of component B and the hydrogen Ion activity Is shown In 
equation 31. Accordingly, expressions for the total concen-
</= 1 + ag/^ 1 + (31) 
tratlons of the three starting components are shown In 
equations 32 to 34. 
C^ p = aCjjp + + KI2'^ B^ HP ~ %2^ B'^ HP''%3^ L (^ 2) 
t^L ~ '*'^ H^P^ L^ 9 ' ^12^ B^ HP'^ 1^3^ L (33) 
t^B - B^^ HP^ 2 %2^ B^ HP'^ %3^ L (3%) 
As was stated before, the first estimate of Cj^  and 
Cg are obtained by, and Cg = C^ g/,f respectively, 
and successive estimates of Cjjp, and Gg are obtained from 
equations 32 to 3^ » The equilibrium concentrations of the 
Intermediate complex, HPX, and the product, HPM, are cal-
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culated from equations 29 and 30. 
The error-function is minimized as described for the 
single component model, program SPL-l,and the output of the 
calculated spectra and the unknown parameters giving the 
minimum error-function are produced. Input data needed for 
program SPL-2 is very similar to that listed in Tables 6 and 7. 
Grid program (8-7-5) The grid program is set up to 
minimize the error-function, U, by manual inspection of a 
grid of 3^  values, N being the number of unknown constants, 
and selecting the parameters which give the best fit to the 
experimental data. It is a very useful program to use when 
initial trial values are hard to estimate. Also a contour 
map can be constructed demonstrating how changes in the var­
ious unknown parameters affect the shape of the error-
function, U. The error-function for this program is cal­
culated as explained for the steepest descent method. Out­
put of the error-function is in an N-dimensional array. 
Other computer programs 
Several other computer programs have been written for 
handling spectrophotometric data. Program 8-0-1 is a 
utility program which has been used for initial treatment of 
raw data. It handles problems such as subtracting baseline 
or turbidity corrections, correcting for dilution factors 
and plotting the corrected spectra in the desired format. 
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Other very useful programs have been developed for comparing 
calculated spectra with experimental data (programs 8-8-4 
and S-8-5)» These programs utilize the parameters cal­
culated from the swing, grid, and steepest descent methods 
to construct theoretical spectra at any pH or other experi­
mental data. The fit that results from these plots Is another 
means of judging the constants which have been calculated to 
describe the assumed model. Along with these comparison plots, 
pH profile plots may be made showing how the absorbance 
varies with changes in pH at selected wave numbers. 
Program 9-4 has been developed and used to analyze 
spectra of either a single component or a two component 
system which changes with time. This program applies a 
linear extrapolation to the initial spectra to give a zero 
time spectrum and also determines the initial rate of change 
of the spectral points. 
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RESULTS AND DISCUSSION 
Spectral Studies of 3-Hydrozypyrldliies and Analogs 
3-Hydroxypyrldlne and substituted alcohols 
The electronic absorption spectra of most vitamin 3^  
analogs can be related to the spectrum of 3-hydroiypyrldlne, 
The absorption bands of the hydroxypyrldlne chromophore are 
sensitively dependent upon the substltuents on the pyridine 
ring and pH of the media. Because of these reasons the pH 
dependence of the electronic absorption spectra of 3-hydroxy-
pyrldlne was used to determine the proton dissociation con­
stants and spectra of the three Ionic species. Also the pK's 
of 3-hydroxypyrldlne have been determined by several other 
workers using the single wavelength method (Metzler and Snell, 
1955Î Wlgler and Wilson, 1966) and by potentlometrlc titration 
(Jaffe and Doak, 1955). and therefore, 3-HPy would be a very 
good compound to use for testing the computer program methods, 
3-Hydro%ypyrldlne and N-methyl-3-hydrogypyrldlne Spec­
tral data of 3-hydroxypyrldlne In 11 buffered solutions were 
collected over the pH range of 1.72 to 13.42 and over the 
wavelength region of 372 to 244 nm. Two sets of sharp Iso-
sbestlc points were observed, one set being at 33«6 and 
38.3 kK (298 and 26l nm) In the acidic pH's and the other set 
being at 32.2 and 35.6 kK (310 and 281 nm) in the basic 
solutions. Trial pK values of 5*10 and 8.6O were used in 
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the swing program (5-1-A) to calculate final pK values of 
4.91 and 8,62 and the Ionic spectra shown in Figure 13. 
These values are in good agreement with the literature values 
of 4.84 and 8,65 (Wlgler and Wilson, 1966), and 4.86 and 
8,68 (Jaffe and Doak, 1955)» The absorption spectra of the 
ionic forms were calculated to higher energies (45.5 kK) 
by removing the carbonate buffer solutions and repeating 
the swing program with instruction not to adjust the pK*s 
(Figure 14). 
A comparison of the peak positions and heights of the 
cationic, HgP, form and the anionic, P, form of 3-hydroxy-
pyridlne are listed in Table 8. The exact position and 
molar extinction coefficient of band III are experimentally 
Table 8, Band positions and heights of HpP and P forms of 
3-hydroxypyridine and HP form or N-methyl-3-
hydroxypyridine 
Ionic 
form 
Band 
kK 
Band 
kK 
II Band 
kK 
III 
m^ 
HgP 35.5 6.1 44.8 3.3 (49.5)* (16.5) 
P 33.5 4.55 42.4 10.28 (46.8) (18.5) 
HP 34.7 6.00 44.8 3.9 
M^olar extinction coefficient X 10"^  
V^alues in parenthesis are experimentally uncertain 
Figure 13, Ionic spectra of 3-hydroxypyrldlne (A) and 
N-methyl-3-hydroxypyridlne (B) 
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Figure 14. Ionic spectra of 3-hydroxypyridine to higher 
energy 
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hard to achieve because of the absorption of the Ions present 
causing the slit width on the spectrophotometer to open 
up. 
The neutral Ionic form, HP, Is composed of two species, 
the zwltterion with the proton removed from the phenolic 
oxygen and the completely uncharged molecule with the ring 
nitrogen dissociated. Since two forms exist there would 
be six aborption bands in the ultraviolet spectrum of the 
HP form, three for each tautomeric species. Because of 
buffer absorption the spectrum of the HP form is experi­
mentally impossible to measure above 4? kK, therefore, only 
four absorption peaks, two for each tautomeric species, are 
recorded. The assignment of structure for these bands 
is best made by comparing the spectrum of the HP form to 
the spectrum of another hydroxypyridine derivative, N-
methyl-3-hydroxypyridine• 
The pK and the spectrum of the ionic species of N-
methyl-3-hydroxypyridine were determined from six buffered 
solutions over the pH range 1.18 to 9»79» The calculated 
pK value is 4.93 which is very close to the first pK for 
3-hydroxypyridine. The spectra of the ionic species 
shown in Figure 13 and the band positions and peak heights 
for the protonated form, HP, are listed in Table 8 for 
easy comparison to the corresponding values for the H2P 
form of 3-hydroxypyridine. 
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The anionic species, P form, of N-methyl-3-hydroiy-
pyridine is structurally similar to the zwitterlonlc species 
of 3-hydrozypyrldine, therefore, structural assignments for 
the tautomeric mixture of the HP ionic spectrum of 3-hydroxy-
pyridine have been made on this basis. The first and third 
bands, 31,9 and 40.6 kK, were assigned to the zwitterlonlc 
species (band and band 11%) and peaks at 36.2 and 46.4 kK 
were assigned to bands and of the uncharged species. 
The tautomeric ratio, R = HP-^ /HP^ , is estimated by comparing 
the band heights of the zwitterion, I^ , of 3-hydroxypyrldlne 
to the zwitterion, I, of the N-methyl compound to be about 
0,75* In making this comparison it is assumed that the two 
zwitterions will have approximately the same molar extinction 
coefficients. A better means of estimating this ratio 
would be to compare the areas under the resolved bands by 
the method of Siano and Metzler (Siano and Metzler, 1969). 
Pyridoxol and other alcohol analogs of Bg The 
addition of substituants to the pyridine ring has varying 
effects on either the two pK's or the absorption spectra 
of the three ionic forms of 3-hydroxypyridlne and in some 
instances both sets of parameters, pK's and spectra, are 
changed, 
Pyridoxol Vitamin alcohol, pyridoxol, has 
been studied by many workers and its pK's and ionic spectra 
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have been reported (see Literature Review and Figure 15). 
The hydrozymethyl group added to the 4 position of 3-hy-
droxypyrldlne gives an auxochromic effect (red shift and in­
crease in the intensity of an absorption band). This batho-
chromic shift is approximately 1 kK for all bands as can be 
seen In Table 9» Also one other important point to note in 
Table 9. Comparison of peak positions and heights of 
pyrldoxol and 3-hydroxypyrldine 
Ionic 
form kK 
3-HPy 
X 10 3 kK 
PN _ 
£ X 10"^  
m 
HgP 35.3 6.1 34.4 9.05 
44.8 3.3 43.6(s)* 2.75 
(49.5) (16.5) (49.6) (18.0) 
HP 31.9 3.0 30.8 7.62 
36.2 2.25 35.0(s) 1.8 
40.6 4.72 39.6 3.95 
46.4 (16.5) 45.4 18.0 
P 33.5 4.55 32.4 7.3 
42.4 10.28 40.9 6.77 
(46.8) (18.0) (47.7) (18.5) 
D^esignates a shoulder on the side of an absorption 
band 
comparing the spectra of 3-hydroxypyridine and pyrldoxol is 
the absorbance bands of the uncharged species of the tauto­
meric mixture of the HP forms. In pyrldoxol very little of 
the uncharged species exists and the tautomeric ratio, R, 
has been estimated to be about 0.19. 
Figure 15. Ionic spectra of pyridoxol (Johnson and Metzler, 1970) 
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The computed pK's of pyrldoxol were found to be 4.94 
and 8,89, These pK values are very similar to those of 
3-hydroxypyridine, therefore, the addition of the two hy-
droxymethyl groups In the 4 and 5 positions and the methyl 
group In the 2 position appears not to have any effect on 
the pK's, 
5-Deoxypyrldoiol Unlike pyrldoxol, 5-&eoxy-
prldoxol has quite different pK's when compared to 3-hy-
droxypyridine, These two pK's are shifted to 5«48 and 
9.46 compared to 4,91 and 8,62 for 3-hydroxypyrldlne, The 
reason for such a change in pK's is not obvious, possibly 
it can be explained by the greater electronic withdrawing 
tendency of the methyl group on the 5 position as compared 
to the hydroxymethyl group of pyrldoxol at that position. 
The ionic spectra and pK's of 5-deoxypyrldoxol were 
computed from 15 buffered solutions over the pH range of 
1,21 to 12,29 and over the wavelength region of 372,0 to 
234,0 nm. The ionic spectra for this compound are shown 
in Figure I6 and the peak positions and heights are tab­
ulated in Table 10, prom examination of the spectrum of 
the HP form, it is noted that very little of the uncharged 
species of the tautomeric mixture exists in the neutral 
form since there is only a very small buried band associated 
with this structure In the region of 36 kK, Therefore, tne 
tautomeric ratio, R = is estimated to be approx-
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Figure l6. Ionic spectra of 5-deoxypyridoxol 
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imately 0,11, 
Table 10, Absorption peak positions and heights of the 
Individual ionic forms of 5-deoxypyridoxol 
Ionic Band I _ Band II 
form kK X 10-3 kK s * 
HgP 34.3 8,78 
HP 31.0 8,48 40,0 4,32 
P 32.6 7.03 41,3 6,08 
"^Deoxypyridoxol A very interesting alcohol 
analog is ^ -deoxypyridoxol. This compound has pK values 
very similar to those of 5-deoxypyridoxol, but the spectra 
of the individual ionic forms are very much like the spectra 
of the ionic forms of 3-hydroxypyridlne, except for the 
slight hyperchromic effect. 
The swing program was used to compute the pK's and the 
ionic spectra of ^ -deoxypyridoxol using data from 15 buffered 
solutions over the pH range of 1,21 to 11,91 and over the 
wavelength region 372,0 to 2^ 4,0 nm. The calculated pK's 
were 5*30 and 9,70, The spectra of the three ionic forms 
are shown in Figure 17 and the peak positions and heights are 
listed in Table 11, The spectral data collected with 
samples in acetate euid carbonate buffers were removed from 
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Figure 17, Ionic spectra of 4-deo*ypyrldoxol (26,0 - 45,8 kK) 
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Table 11. Absorption peak positions and heights of the 
individual ionic forms of ^ -deoxypyridoxol 
Ionic Band I Band II Band III 
form kK kK 
HgP 35.4 7.9 44.0(8) 2.6 
HP 31.8 7.8 39.2 3.65 (45.8) (19.7) 
P 33.1 6.5 40.8 
*Molar extinction coefficient X 10"^  
the data deck and the spectra of the ionic forms were re­
computed with the swing program holding the pK's constant. 
These spectra are shown in Figure 18. The small amount of 
absorbance at 31.0 kK is due to some minor impurity in the 
4-deoxypyridoxol sample which could not be removed by re-
cry s tall i zat i on. 
As was stated previously, the spectra of the ionic 
forms of 4-deoxypyridoxol are very similar to the ionic 
spectra of 3-hydroxypyridine (see Figure 13 and Table 9). 
The spectrum of the neutral form,HP form, of 4-deoxy-
pyridoxol exhibits no evidence for the existence of the 
uncharged species and therefore, the spectrum of the HP form 
is attributed entirely to the absorption of the zwitterionic 
spec* 99 -
Figure 18, Ionic spectra of 4-deoxypyrldoxol 
(25,0 - 47.2 kK) 
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5-Deox.Ypyrldoxamlne 5-Deoxypyrldoxamine 
(5-DPM) Is also compared to the substituted hydroxypyrldlne 
compounds, because the spectra of Its Ionic species are very 
similar to those of pyrldoxol and 5-&eoxypyrldozol. The 
addition of another functional group which contains a 
dissociable proton, a primary amine group on the 4' position, 
complicates the pK determination greatly. Attempts to 
determine these 3 pK's titrimetrically with the Radiometer 
automatic titrator produced pK values of 3.58, 8,29 and 10,5 
which are very similar to the values reported in the liter­
ature for the pK's of pyridoxamine obtained by titration, 
3.54, 8,21 and 10.63 (Metzler and Snell, 1955)* These 
titrated pK values gave a very poor fit for the spectral 
data of 5-deoxypyrldoxamlne, 
The computer analysis of the spectral data of 5-DPM 
was performed using 13 buffered solutions over the pH range 
of 1,20 to 11,05. Attempts to determine the pK*s using the 
swing method required several repeated runs of the program 
before a good fit of the experimental data was obtained, 
SDAB = 0,006 (standard deviation per absorbance point). 
These computed pK's were 3«94, 8,39 and 9.87, These com­
puted pK's are felt to be much better values for the pK's 
of 5-DPM than those obtained by automatic titration because 
of the experimental difficulty in obtaining overlapping 
pK's by the tltnmetric proceduree 
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The experimental data for 5-DPM were also used with the 
steepest descent program (SPL-1) to compute the pK's and 
spectra of the Individual Ionic forms. The pK's calculated 
from the steepest descent program were 3.92, 8.^ 5 and 9.89 
and the spectra of Ionic forms fit the experimental data 
very well, SDAB = 0.005. The computed spectra of the Ionic 
forms are shown In Figure 19 and the peak positions and 
heights are listed In Table 12, Comparing the values of 
the peak positions for the Ionic forms of 5-deoxypyrldoxamlne 
Table 12. Absorption band positions and heights for Ionic 
forms of 5-deoxypyrldoxamlne 
Ionic Band I , Band II _ 
form kK m^ X 10-3 kK (m * 10"^  
H3P 34.0 8.28 
HgP 30.9 8.02 40.0 3.81 
HP 31.9 5.82 41.3 4.42 
P 32.6 6.83 41.0 5.82 
(Table 12) with the values for 5-deoxypyrldoxol (Table 10) 
and pyrldoxol (Table 9), assignment of Ionic structures for 
the various bands can be made. The completely protonated 
species, H^ P, of 5-DPM has an absorption spectrum which Is 
very similar to the two alcohol analogs. Band I of the 
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Figure 19. Ionic spectra of 5-deoxypyrldoxainine 
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second species, H^ P, has its peak position shifted about 
3 kK to the red, which Is evidence for the dissociation of 
the phenolic proton. As Is the case with 5-deoxypyrldoxol 
and 4-deoxypyrldoxol, the HgP form of 5-deoxypyrldoxamlne 
Is composed mainly of the zwltterlon and very little If 
any of the uncharged species Is present. The next proton 
dissociation, pK 8,45, gives the HP form which is assigned 
the structure with the pyridlnlum proton removed. The shift 
in peak positions (from H2P to HP form) is about 1,0 kK 
while the next proton dissociation causes only a shift of 
0.7 kK, A greater shift in the absorption spectrum would 
be expected for the removal of the pyridlnlum proton as 
compared to the primary amine proton being dissociated. 
Also the half-width of band I of the HP form is about 
4,3 kK possibly suggesting a buried peak. This buried 
peak can be attributed to a tautomeric mixture existing 
between the protonated and nonprotonated forms of the 
pyridlnlum nitrogen and the primary amine group. The 
ionic species of this mixture giving rise to this band 
would be the one containing the dissociated primary amine. 
The spectrum of the completely dissociated form, P, is 
also very similar to the corresponding spectra of 5-deoxy­
pyrldoxol and pyridoxol. 
The reason for the lower pK values for the first two 
proton dissociations of 5-d.eoxypyridoxamine, compared to the 
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alcohol analogs, is the presence of the charged primary 
amine group close to the phenolic group, pulling the 
electrons away from the phenolic oxygen and the pyridinium 
nitrogen. The third pK, that of the primary amine, is 
approximately the same as the pK of primary aliphatic 
amines • 
aldehyde analogs 
The addition of an aldehyde group to 3-hydroxypyridine 
derivatives greatly affects the spectra and pK's associated 
with the ionic equilibria. Two aldehyde analogs, 5-
deoxypyridoxal (5-DPL) and ^ icarboxymethyl-^ -deoxypyridoxal 
(CMDPL), have been used in this study because of their 
H 
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Inability to form a hemlacetal species as Is the case with 
pyrldoxal. This additional form makes the spectral Inter­
pretation even more complicated, 
5-Deoxypyrldoxal The spectra of 5-deoxypyrldoxal 
(5-DPL) In acid and base have been compared to the correspond­
ing spectra of pyrldoxal-5-Phosphate emd found to be very 
similar (Heyl ^  al,, 1953). Therefore the Interpretation 
of the spectrum of ^ -DPL can also be applied to the spectrum 
of the coenzyme. 
The spectrophotometric titration of ^ -DPL was carried 
out with 17 buffered solutions at a constant Ionic strength 
of 0.2 M over the pH range of 1.44 to 10,92 and over the 
wave number range of 20,0 to 42,6 kK. Because of the great 
temperature dependence of the aldehyde spectrum, the tem­
perature was regulated at 25° + 0,1° C, This temperature 
dependence will be discussed later. 
The pK*s computed for 5-DPL using the swing program 
with trial values of 4.18 and 8,10 were 4.15 and 8.05, while 
starting with the same trial values and using the steepest 
descent method final values for the pK's were 4.14 and 8.03. 
Both sets of values produced a SDAB value of 0.005. These 
pK values were in good agreement with those of 4.16 and 8.08 
obtained by potentiometrlc titration. 
The spectra cf the three Ionic form? HP P) 
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of $-DPL are shown In Figure 20 and peak positions and 
heights are listed In Table 13. The assignment of struc­
tures which produce the various absorption bands has been 
made (Metzler and Snell, 1955)# The HgP form Is composed of 
Table 13. Absorption peak positions and heights of the 
Ionic forms of 5-d.eoxypyrldoxal 
Ionic 
form 
(kK) m^ X 10"^  
H^ P 29.3 1,88 c 34.0 6,27 
39.0(s) 1.65 
HP 26,2 4,18 
30.9 3.03 
39.8(s) 4.30 
P 25.5 6.28 
33.2 0.80 
37.8 3.50 
two molecular species, the free aldehyde and the hydrated 
aldehyde. The hydrated aldehyde produces the band at 3^ .0 kK 
and can be compared with the HgP spectrum of 5-deoxypyrldoxol, 
The peaks at 29.3 kK and the small shoulder at 39.0 kK are 
due to the absorption of the free aldehyde. The zwltterlon 
form (HP form) also Is composed of a free aldehyde species 
absorbing at 26.2 and 39.8(s) kK, and the hydrated aldehyde 
with its absorption band at 30,9 kK. The completely dis-
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soclated form, P form, contains very little hydrated 
aldehyde absorbing at 33«2 kK and is composed mainly of the 
free anionic aldehyde species absorbing at 25,5 and 37.8 kK. 
In all ionic forms of 5-DPL the hydrated aldehyde resembles 
the spectra of the ionic forms of ^ d^eoxypyridoxol. 
The ionic spectra of 5-DPL have also been resolved 
by fitting the various bands to a log-normal distribution 
(Siano and Metzler, I969). This method enables one to 
express each absorption band by just four parameters, XP, 
YP, H and f> (see Literature Review), The spectra of the 
H2P and P forms were resolved into 3 bands each, from 20,0 
to 40.0 kK for the H2P form and from 20,0 to 37,0 kK for 
the P form. The HP form was resolved Into 2 bands from 
20,0 to 33«0 kK, The final parameters describing each 
band are listed in Table l4. The resolved spectra along 
with the percent of difference between the calculated 
spectra and the computed extinction coefficients are shown 
in Figures 21, 22 and 23 for the H2P, HP and P forms of 
5-DPL, respectively. Comparing the XP and YP values of 
the resolved bands of Table 14 with the observed peak 
positions and heights of Table 13 shows the effect that over­
lapping bands have on the true parameters of the spectral 
beinds. The resolved parameters are in good agreement with 
those reported by Siano and Metzler (I969). 
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Figure 21, Resolved spectra of the first three bands of the 
ti P form of 5-D?L (B) and the % difference (A) 
between the computed spectra and the experimental 
values 
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Resolved spectra of the first two bands of the 
HP form of 5-DPL (B) and the i of difference (A) 
between the computed spectra and the experimental 
values 
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Figure 23, Resolved spectra of the first three bands of the 
P form of 5-DPL (B) and the % of difference (A) 
between the computed spectra and the experimental 
values 
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Table l4. Resolved parameters of the absorption bands of 
the ionic forms of 5-deoxypyrldoxal at 250 c 
Ionic 
form XP(kK) YP X 10-3 H(kK) P Area 
HgP 29,24 
34,01 
39.32 
1,85 
6,00 
1.28 
4.72 
3.19 
3.90 
1.39 
1.54 
1.32 
9.47 
21.13 
5.41 
HP 26,30 
31.31 
4.24 
2.34 
4.74 
3.44 
1.32 
1.28 
21.73 
8.69 
P 25,58 
33.58 
37.97 
6.30 
0.70 
3.82 
4.51 
4.03 
3.90 
1.32 
1.31 
1.25 
30.71 
3.05 
16.00 
Strong acid titration of 5-deoxypyridoxal It 
was observed that the ratio of the two absorption bands 
of 5-DPL at 29,3 and 3^ .0 kK varied when samples of 5-DPL 
were run in 0.1 and 0,2 N HCl, This led to the study of 
the strong acid titration of 5-DPL in HCl, The experimental 
data for 5-DPL in HCl solutions varying in concentrations 
from 0,1 N to 11.7 N are shown in Figure 24. Two sets of 
isosbestic points are clearly indicated, the first set 
being at 32.4 and 36.7 kK and the second set at 32.1 and 
36,2 kK, These two sets of isosbestic points indicate two 
equilibrium systems. The first set has been assumed to be 
caused by the protonation of the carbonyl oxygen (Palm et al,. 
1966). The second set of isosbestic points may be attri= 
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Figure 24. Experimental absorption spectra of 5-deoxypyrldoxal 
in aqueous solutions of high concentrations of 
HCl 
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buted to either the addition of another proton to 5-DPL or 
a solvent effect because of the high concentration of 
hydrochloric acid. The two equilibrium systems have been 
treated as two proton additions and these "apparent" pK's 
have been calculated. The pK's were calculated from the 
experimental data using two differently defined pH scales, 
the Hammett Hq scale and the negative log of the mean 
hydrogen activity (see method and materials, Table 5)» 
If the ratio of the activity coefficients of the conjugate 
acid and the base is assumed to be the same for a charged 
base as it is for a neutral base, then the scale would 
be correct. The steepest descent program was used to 
compute these two very acidic pK's, The computed pK's 
calculated from both pH scales, are listed In Table 15. 
Table 15, Very acidic pK's of 5-DPL 
pH Scale pK^ ' PK2' SDAB 
Hq -2.77 -1.03 0,00425 
-log a+ -1.70 -0,70 0,00424 
The ionic spectra computed using both pH scales are 
shown in Figure 25. The goodness of fit measured by the 
value of SDAB was identical for calculations using both pH 
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Figure 25, Computed ionic spectra of H»P and H2P 
forms of 5-deoxypyrldoial (A - pa from 
scale, B - pH calculated from -log a^ ) 
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scales. Using program 8-4-A, comparison plots and pH 
profile plots were made for both sets of computed molar 
extinction coefficients and pK's, The comparison plots 
were made of ^ -DPL solutions in 0.1, 2.0, 4.0, 6.0 and 
10.0 N hydrochloric acid and the pH profile plots were 
constructed at 29.0, 34.0 and 39.0 kK. These graphs are 
shown In Figures 26 suid 27 for the parameters calculated 
using the -log a^  scale, and the graphs for parameters 
calculated using the scale are shown in Figures 28 and 
29. Comparing the four figures very closely, it appears 
that the experimental data are best fit by the parameters 
computed using the pH scale defined by -log a^ . 
The parameters of the resolved bands of the molar 
extinction coefficients calculated using pK values of -I .70 
and -O.7O are listed In Table 16. The parameters computed 
for the absorption bands of the H2P form are the same, 
within experimental error, as those parameters listed in 
Table 14 for this ionic form of 5-DPL. The form is 
composed of a tautomeric mixture, one species being the 
protonated carbonyl absorbing at 28.97 and 38.83 kK, and 
the other molecular species being the hydrated aldehyde 
with the added proton attached to either one of the hydrated 
carbonyl oxygens or possibly added to the phenolic oxygen. 
The most protonated form of 5-DPL, Hj[j,P form, contains no 
bands which would indicate the presence of the hydrated 
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Figure 26. Comparison plots of computed (solid line) and 
experimental spectra (symbols) of 5-DPL 
pH scale calculated from -log a^  and the pH 
values of eacn sample are shown on the graph 
with their corresponding symbols 
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Figure 27. pH profile plot of theoretical titration curves 
(solid lines) with experimental values plotted 
/ sinrnVvnl cr \ •fnli» C—HPT. a*-. thT#,# WAVA 
numbers shown on the graph (pH scale calculated 
from -log a^ ) 
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Figure 28, Comparison plots of computed (solid line) and 
experimental spectra (symbols) of ^ -DPL 
pH values from scale,and the pH of each 
sample is shown on the graph with its 
corresponding symbol 
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carbonyl, I.e., no bands In the region of 34 kK. 
The titration of CMDPL and PLP by strong acid showed 
very similar spectral changes as was observed for 5-DPL, 
Temperature effect on the absorption bands of 
5-DPL The absorption spectrum of $-DPL Is very tem­
perature dependent over the entire pH scale. The spectra of 
5-DPL In 0.1 N hydrochloric acid and In phosphate buffer, 
pH 5«8» over the temperature range of 3° to 68° C are shown 
In Figures 30 and 31, respectively. The spectrum of 5-DPL 
In 0,005 N sodium hydroxide Is also temperature dependent 
but Its total change Is much less than the changes occurring 
Table l6. Resolved parameters of the absorption bands of 
the very acidic Ionic forms of 5-DPL (pK's -1,70 
and -0,70) 
Ionic q 
form XP(kK) YP X 10"^  H(kK) /> Area 
H,P 29,26 1.87 
33.98 6.12 
39.34 1.29 
H.P 28,97 4.88 
 ^ 33.73 1.78 
38,83 3.42 
HjuP 28,74 5.98 
38.55 4.53 
4.80 1.40 9.80 
3.21 1.56 21.73 
4.09 1.42 5.75 
4.33 1.33 22,82 
3.03 1.34 5.83 
4.51 1.35 16,74 
4.42 1.34 28,66 
4.80 1.32 23,48 
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Figure 30. Temperature dependence of the spectrum of 
5-deoxypyrldoxal In 0,1 N HCl over the 
teîsperature range of 2b45® to 6?,?* c (cor= 
responding temperatures for each spectrum are 
shown on the graph) 
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Figure 31. Temperature dependence of the neutral spectrum 
(pH 5.8) of 5-d«oiypyrldoial over the temperature 
range 2,9° to 41,3® C (corresponding temperatures 
for each spectrum are shown on the graph) 
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in neutral and acidic conditions. The rate of change of 
the spectrum of ^ -DPL in acid is linear at 29.2 and 34,0 kK 
and is equal to 0,0024 0,D,/®C and -0,0042 0,D,/°C, respec­
tively, The temperature dependence of the spectrum of $-DPL 
Is due to a change in the equilibrium constant of the 
hydrated and free aldehyde, with an increase in temperature 
shifting the equilibrium to favor the free aldehyde form. 
Three absorption peaks of 5-DPL in 0,1 N hydrochloric 
acid have been resolved from each spectrum at 2,45 and 
67,7° C, These parameters are listed in Table 17. Comparing 
the various band parameters it is noted that the peak 
Table 17, Resolved band parameters of 5-DPL in 0,1 N HCl 
at 2,45° and 67.7® C. 
Temperature XP(kK) YP X 10-3 H{kK) e  Area 
2.450 G 29.17 1.39 4.57 1.38 6.91 
33.99 6.84 3.17 1.58 23.96 
39.35 0,86 3.63 1.29 3.37 
67,7° G 29.29 2,98 4.95 1,41 16,09 
34,10 3.71 3.19 1.46 12,96 
39.22 2.09 4.20 1.34 9.49 
position, XP, and the skewness factor,^ , vary little 
with changes in temperature. The value, 1.46, for^  at 
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low, since at 25° C it has a value of 1,5^  (see Table 14), 
The spectrum of pyridoxal is only slightly changed 
at high temperatures and showed no additional change when 
titrated with strong acid giving evidence to the fact that 
the free aldehyde does not exist in any substantial amount 
in pyridoxal. 
Temperature effect on pK's of 5-DFL Only the 
second pK is affected greatly in the titration of pyridoxal 
at 50° C (Nagano and Metzler, 1967)» Therefore, it was 
of interest to see what effect temperature had on the pK's 
of 5-DPL. The spectrophotometric titration at 50° C of 
5-DPL was carried out using 10 buffered solutions over 
the pH range of 1.36 to 10,50 and over the wave number 
range of 20,0 to 40,0 kK, The pK's were computed using 
both the swing program and the steepest descent program, 
Pinal pK values of 3,91 and 7.70 were obtained from both 
programs. This is a difference of 0,23 pH units for the 
first pK and 0.33 pH units for the second pK. This repre­
sents a change in the free energy of the first dissociation 
of about 0,2 kcal and of the second dissociation of about 
0,5 kcal. 
The spectra of the ionic forms of 5-DPL at 50° G 
are shown in Figure 32, In comparing the ionic spectra at 
O- U U. ^ a. 4^. O r\ i Tii r\\ a- « j _ *— . . . 
occurs In the HgP form where the amount of free aldehyde 
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Is about 1.4 times greater at 50° C than at 25° C, The 
same change Is true for the HP form, where the hydrated 
band at 31«3 kK Is reduced and the free aldehyde band of 
the zwltterlon Is increased. The resolved bands are 
listed in Table 18 and the calculated spectra using these 
parameters are shown in Figure 33» A comparison of the 
relative areas of the absorption bands of the various ionic 
species at 50° C with the appropriate bands at 25° C 
(Table 14) gives a very good Indication of changes in the 
relative concentrations of each species. 
5 ' -Garbox.vmethyl- 'î-deoxypyridoxal Another aldehyde 
analog studied was 5'-carbozymethyl-5-deo%ypyrldoxal (CMDPL), 
Table 18, Resolved parameters of the absorption bands of 
the ionic forms of 5-DPL at 50° C 
Ionic 
form XP(kK) YP X 10-3 H(kK) P Area 
H2P 29.24 2.68 4.79 1.40 13.95 
34.00 4.43 3.19 1.50 15.55 
39.28 1.94 4.22 1.34 8.86 
HP 26.32 4.28 5.01 1.33 23.18 
31.14 1.31 3.71 1.32 5.25 
P 25.48 6.24 4.54 1.31 30.57 
33.50 0.63 3.34 1.18 22.45 
37.90 3.45 4.60 1.41 17.30 
Figure 32. Ionic spectra of 5-deoxypyridoxal at 50° C 
Figure 33» Resolved spectra of the ionic forms of 
5-deoxypyrldoxal at 50° C 
3 bands resolved for the H2P form 
2 bands resolved for the HP form 
3 bands resolved for the P form 
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This compound, like ^ -DPL and PLP, contains the free 
aldehyde species, and its spectra in acid, neutral suid basic 
solutions are very similar to the ionic spectra of 5-DPL 
and PLP. The question arises, whether or not the dissociation 
of the proton of the carbozyl side chain will affect the 
electronic absorption spectra enough to enable the spectro-
photometrlc titration of this compound. 
An examination of the spectra shows two rather sharp 
Isosbestlc points over the whole range of acidic pH values 
(26 solutions from pH 1.37 to pH 6.58), but the titration 
curve at a fixed wave number Is broader theui that of a 
monoprotlc acid (Figure 34). Prom this it is clear that 
there must be two pK's but, because of the very small effect 
of the dissociation of the carboxyl group on the spectrum, 
no unique values for the first two pK's could be found 
using spectral data alone. Depending upon the trial values 
used, different pK's were found. The two sets of pK's of 
approximately 3«41 and 4.56, and 3*23 and 4.35, were obtained 
in seperate runs of either the swing program or the steepest 
descent program. An attempt to decide which of the two 
sets of pK's was correct was made by titrating a sample 
of CMDPL with the Radiometer automatic tltrator, from which 
the pK values 3*69, 4.61 and 8,15 were obtained. Using 
these trial pK values the final pK values of 3.45, 4.56 and 
8.22 were computed, and the spectra of the 4 ionic forms 
Figure 34. pH profile plot of theoretical titration curves 
(solid line) with experimental values plotted 
(symbols) for CMDPL at three selected wave 
numbers shown on the graph (pK values of 3»^ 5t 
4.56 and 8,22 were used for this calculation) 
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are shown In Figure 35» An attempt to fit only two pK's 
to the experimental data produced the Ionic spectra shown 
In Figure 36 and computed pK values of 3.84 and 8,13. The 
broadening of the first absorption band of the HgP form 
and the small absorption at 24 to 25 kE suggest that this 
interpretation is wrong and that three pK*s are needed to 
describe the pH dependence of the spectrum of CMDPL. 
SSizyme Spectra and Complex Models 
Computer programs used for the determination of suc­
cessive proton dissociation constants of a single compound 
were modified to fit unknown pK's and formation constants of 
two and three component systems. These modifications 
Involved simple changes in the determination of equilibrium 
concentrations of the various unknown species and the 
least-squares calculation of the unknown ionic molar 
extinction coefficients. The complex systems were analyzed 
according to the two models, I and II, shown in Figure 11 
(Methods and Materials), Aspartate aminotransferase with 
various inhibitors and substrates was the enzyme system 
studie d. 
The formation constants of enzyme-inhibitor complexes 
of aspartate aminotransferase with dicarboxyllc acids or 
a-keto acids were determined using both the grid program 
and steepest descent program= Results from both programs 
were in very good agreement, but the grid program had to 
Figure 35* Computed ionic spectra of CMDPL assuming three 
proton dissociation steps 
Figure 36. Computed ionic spectra of CMDPL assuming two 
proton dissociation steps 
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be repeated several times to minimize the error-function 
and compute the final constants. An example of the grid 
program output is the contour map shown in Figure 37» 
constructed from the SQSD values of the grid. The only 
unknown parameters computed for the enzyme-inhibitor 
complexes were Ky, and the molar extinction coefficients 
of the two ionic forms HPL and PL (model I of Figure 11), 
Table 19 lists the computed parameters for four different 
Table 19. Computed parameters for enzyme inhibitor complexes 
(Fonda and Johnson, 1970) 
Inhibitor HPL  ^
V «m" T/p 
PL 
Gm % K9® 
Holo enzyme 23.3 6.98 27.5 8.18 6.27 
Glutarate 22.9 7.97 27.4 7.45 8.72 25.6 
Succinate 22.8 8.58 27.5 7.60 8.10 19.0 
a-Ketoglutarate 23.0 7.90 27.5 9.45 7.68 123.0 
Oxaloacetate 23.3 7.89 27.6 10.00 7.65 56.1 
a^ve number of peak position 
M^olar extinction coefficient X 10~^  
F^ormation constant of PL complex 
enzyme-lnhlbltor complexes. An example of the goodness of 
\ 
Figure 37» Contour map from Grid program obtained in determining the inhibitor 
dissociation constant and the acid dissociation constant for the 
complex between glutarate and aspartate aminotransferase (Fonda 
and Johnson, 1970) 
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fit of these computed parameters to the experimental data 
Is shown In Figure 38 for aspartate aminotransferase and 
three concentrations of succinate. 
The results of the addition of the Inhibitor to the 
holoenzyme and the effect the inhibitors have on the ab­
sorption spectra of the enzyme are easily seen in Table 19» 
In most cases the protonated forms, HPL, of the complexes 
produce a slight bathochromlc shift and a small hyperchromic 
effect on the absorption bands when compared to the free 
holoenzyme. In contrast to this the nonprotonated, PL, 
forms do not affect the spectra significantly. The Inhibitors 
all cause a large Increase in the pK's of the enzyme, also 
the a-keto acids bind more tightly to the nonprotonated 
form of the enzyme than do the dlcarboxylic acids (i.e., 
formation constants are greater for a-keto acids than for 
dlcarboxylic acids). 
The equlibrium situation which occurs, when normal 
substrate is added to the enzyme-inhibitor complex, is 
defined by model II (Figure 11 in Materials and Methods), 
In this model, the only unknown parameters are the formation 
constants, K-^ 2 %3» the molar extinction coefficients 
of the enzyme substrate complex, HPX, The pyridoxamine 
form of the enzyme, HPM form,does not change over the pH 
range of 5«0 to 9.0, The unknown parameters of two enzyme 
substrate models are listed in Table 20. 
Figure 38, Computed absorption spectra (solid lines) 
and experimental spectral points (symbols) of 
solutions containing 7.0 X 10"^  M aspartate 
aminotransferase and various amounts of succinate 
at pH 8,10 (Fonda and Johnson, 1970) 
succinate concentrations 
Û . 6.17 X 10-3 M 
• - 2.38 X 10-% M 
A - 5.55 X 10"^  M 
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Table 20, Parameters for enzyme-substrate complexes 
(Fonda and Johnson, 1970) 
System h .2 %3 
Glutamate-
a-ketoglutarate 23.0 
27,3(s) 
30,2 
0A5 
2,50 
6,10 
2,18 X 10^  1,22 X 10^ 
Aspartate-
Oxaloacetate 20,2 
23,2 
30.3 
0,45 
2,20 
5.33 
1.68 X 10^ X 
1—1 •
 
1—1 
10^  
*Wave number of peak position 
M^olar extinction coefficient X 10"^  
A comparison of the calculated spectra using the com­
puted parameters with the actual experimental spectra for 
the glutamate-a-ketoglutarate system are shown in Figure 39, 
A very good fit of experimental and calculated spectra is 
achieved for this system. 
These methods of computer analysis have several 
advantages over previously described methods of analyzing 
spectrophotometrlc titrations of enzymes. The computer 
method utilizes data at many different wave numbers rather 
than just at one wave number. It takes into consideration 
the spectral pK values for both the pyrldoxal form of the 
enzyme and the enzyme-inhibitor complexes. Also, the ab-
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Computed absorption spectra (solid lines) and 
experimental spectral values (symbols) of solutions 
containing 4,5 X 10~5 M aspartate aminotransferase, 
and various concentrations of L-glutamate and 
a-ketoglutarate at pH 8,25 (Fonda and Johnson, 1970) 
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sorption spectra of the Individual complexes can be com­
puted and comparison plots can be made, thus providing a 
means of evaluating the model used. 
Spectral Library of Some Analogs and Related Compounds 
The computed parameters, pK's and spectra of Ionic forms, 
from the spectrophotometrlc titration of several B5 analogs 
and related compounds have been assembled Into a library 
of Eg spectral data. The library form consists of the 
calculated pK's, molar extinction coefficients of the 
Individual Ionic form (tabulated and plotted) and other 
Information describing how the original data were collected. 
Such a filing system will be handy for future uses, for 
studying spectra-structure relationships and comparing 
spectra obtained In different laboratories, 
A list of the compounds presently In the spectral 
library Is shown In Table 21, The graphical output of 
the Ionic molar extinction coefficients Is In wave number, 
but the printed output Is In the same scaling units at 
which the original data was collected. 
It Is the hope of the author that a library form, 
such as has been described, will make very exact and meaning-
full data available for anyone wishing to use it. 
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Table 21, A list of B/ analogs and related compounds 
comprising the spectral library 
Compound Number 
Pyrldoxol 1.01*.02 
.02*.01 
Pyrldoxal 2.01.01 
Pyrldoxamlne 3.01.01 
.01.02 
5-Deoxypyridoxol 4.01.01 
5-Deoxypyrldoxal 5.01.01 
.02.01 
5-Deoxypyrldoxamine 6.01.01 
.02.01 
3-Hydroxypyrldlne 7.01.01 
.02.01 
N-Hethyl-3-hydroxypyrldlne 8.01.01 
3-Hydroxypyrldlne-N-oxlde 9.01.01 
3-Hydroxy-2-hydroxymethylpyridlne 10.01.01 
2-Hydroxypyrldlne 11.01.01 
3-Amlnopyrldlne 12.01.01 
Reduced, 5•-amlnomethyl-5-deoxypyridoxal 13.01.01 
.02.01 
.03.01 
5 ' -Aiiilnomethyl-5-deoxypyridoxal 14.01.01 
5'-Aminomethyl-5-deoxypyrldoxamide 15.01.01 
5 * -Garboxymethyl-5-cLeoxypyr Idoxal 16.01.01 
4-Deoxypyrldoxol 17.01.01 
.02.01 
6-Methylpyridoxol 
.03.01 
18.01.01 
6-Methyl norpyrldoxol 19.01.01 
Isopropyl1denepyr1doxal 20.01.01 
N-Acetyi Isopyrldoxamlne 21.01.01 
'^Designates repeated calculations of spectrophotometrlc 
titrations under the same conditions 
D^esignates change In conditions under which the spectra 
were obtained 
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SUMMARY OF CONCLUSIONS 
1) A procedure for the automatic collection of 
experimental spectrophotometrlc data has been adapted 
and developed for use in this laboratory. Several computer 
programs have been written to handle this spectral data on 
the IBM 360/65 computer. Existing computer programs have 
been modified to carry out the spectrophotometrlc titration 
of light absorbing compounds, A new program, steepest 
descent, has been developed for handling data of compounds 
with overlapping pK's. 
2) Several compounds have been studied to test the 
computer methods. The pH dependence of the spectrum of 
several 3-hydroxypyridlne derivatives and analogs has 
been thoroughly investigated and comparisons of their ionic 
spectra and pK*s with those of 3-hydroxypyridlne have been 
made. The substltuents added to 3-HPy to form PN have 
little affect on the pK's but a bathochromic shift of about 
1 kK is observed for all absorption bands. The other analogs, 
5-DPN, ^ -DPN and 5-DPM, greatly effect the pK's of the 
phenolic and pyrldlnlum hydrogens. Except for a slight 
hyperchromlc effect, the ionic spectra of 4-DPN are very 
similar to those of 3-HPy, while the ionic spectra of 5-DPN 
sind 5-DPM are very similar to that of PN, One very Important 
point to note is that the tautomeric ratio of the zwltterion 
128 
to the uncharged neutral species which Is quite large for 
3-HPy, becomes much smaller for the analogs and Is 
undetectable In the spectrum of 4-DPN and 5-DPM. 
3) The pH dependence of the spectra of 5-DPL and 
CMDPL has been studied. The spectra of the ionic forms of 
these two aldehydes are very similar to corresponding 
spectra of the coenzyme, PLP. pK values of 4.14 and 8,03 
have been calculated for 5-DPL and values of 3.45, 4,56 and 
8.22 have been found for CMDPL. The pK's for CMDPL were 
very difficult to determine because the dissociation of the 
carboxyl group on the side chain had only a slight effect 
on the spectrum of CMDPL. The ionic spectra of these 
aldehydes consist of a mixture of free aldehyde and hydrated 
aldehyde, with the equilibrium shifting to favor the free 
aldehyde form as proton dissociation occurs. 
4) The equilibrium between free and hydrated aldehyde 
is very temperature dependent. As the temperature In­
creases the equilibrium position Is changed to favor the 
free aldehyde. The spectrophotometrlc titration of 5-DPL 
was carried out at 50° C and the pK values of 3,91 and 7.70 
were computed. 
5) The ionic spectra of 5-DPL at 25° and 50° C were 
resolved using the log-normal distribution function 
program and the four parameters defining each band have 
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been found to give a good fit to experimental data. The 
peak positions and skewness of corresponding bands were 
changed very little at 50° C from their values at 25° C, 
But, the peak heights and half-widths of each band varied 
considerably, 
6) The titration of 5-DPIi by strong acid produced two 
equilibrium changes in the spectrum. These changes were 
assumed to be due to protonation of the carbonyl oxygen 
and further protonation of the phenolic oxygen, pK values 
of -1,70 and -O.7O were determined for these two dis­
sociations, 
7) Computer programs were used to analyze complex 
models of two- and three-component systems of aspartate 
aminotransferase with dicarboxylic acid inhibitors and amino 
acid substrates, 
8) The many analogs and related compounds studied 
have been assembled Into a library of spectral data. It 
is hoped by the author that such a method of filing 
spectral data will be very helpful to any one wishing to 
study or desiring information about the electronic absorption 
spectra of Bg analogs. 
130 
literature cited 
Abbott, E. H. and A. E, Kartell 
1969 Nuclear magnetic resonance investigation of 
metal ion and proton catalyzed reaction of some 
vitamin Schiff bases, American Chemical 
Society Journal 9: 6931. 
Ahrens, H. and W. Korytnyk 
1967 A direct method for preparing pyridoxal and 
pyridozic acid. Journal of Heterocyclic 
Chemistry 4* 625. 
Aitcheson, J. 
1957 The lognormal distribution. New York, New York, 
Cambridge University Press, 
Albert, j, d, 
1964 Some pyridoxal analogs and their transamination 
with amino acids. Unpublished Ph.D. thesis. 
Ames, Iowa, Library, Iowa State University of 
Science and Technology, 
Anderson, J. A, and H, W, Chang 
1965 Borohydride reduction of L-glutamate de­
carboxylase. Archives of Biochemistry and 
Biophysics 1101 346, 
Baker, E. W,, C, L, Wolfe, and P. W, Noble 
1969 Linear wave number plotting of spectrophotometer 
output. Applied Spectroscopy 231 51. 
Ballard, S. S. 
1965 Optical activities in the universities. Applied 
Optics 4: 219, 
Bates, r, g, 
1964 Determination of pH, New York, New York, John 
Wiley and Sons, Inc. 
Bauman, R, P. 
1962 Absorption spectroscopy. New York, New York, 
John Wiley and Sons, Inc. 
Cennamo, C. 
1964 Metal ion independent non-enzymic transamination 
•V «w w X* O ^  WW AW MW W kd W W ^ 
chimica et Biophysica Acta 93* 323. 
131 
Cennamo, G, 
1967 Intermediates in the non-enzymatic transamination 
between pyridoxal and amino acids (Translated 
title), Giomale Bioohimiche 16» 182, Original 
not available; abstracted in Chemical Abstracts 
681 92931. 
Chance, B, and G, R. Williams 
1956 The respiratory chain and oxidative phosphoryl­
ation, In F, F, Nord, ed. Advances in enzymology, 
Vol, 17, P, 65. New York, New York, Inter-
science Publishers, Inc, 
Christensen, H, N, 
1958 Three Schiff base types formed by amino acids 
peptides and proteins with pyridoxal and pyri-
dozal-5-phosphate, American Chemical Society 
Journal 801 99, 
Conrow, K,, G, D, Johnson, and R, Bowen 
1964 Machine computation of association constants 
from spectrophotometric data; An analysis of 
errors, American Chemical Society Journal 86* 
1025. 
Cram, D, J, and R, D, Guthrie 
1965 On the claim of a bimolecular mechanism of 
prototropy, American Chemical Society Journal 
87: 397. 
Dempsey, W, B, and E. E, Snell 
1963 Pyridoxamine-pyruvate transaminase, II, 
Characteristics of the enzyme. Biochemistry 2 s  
1414, 
Fasella, P. 
1967 Pyridoxal phosphate. In P. D, Boyer, A, Meister, 
R, L. Sinsheimer, and E, E. Snell, eds. Annual 
review of biochemistry. Vol, 36. P. 185. Palo 
Alto, California, Annual Reviews, Inc. 
Fasella, P., A, Giartosio, and G. G. Hammes 
1966 The interaction of aspartate aminotransferase 
with a-methylaspartic acid. Biochemistry 5« 197. 
Fischer, E, H, and E, G, Krebs 
1966 Relationship of structure to function of 
mUsclc phcsphcrylase. Federation Proomedines 
251 1511. 
132 
Fisher, T. L. and D, E. Metzler 
1969 A conformâtionally defined imlne derivative of 
pyridoxal1 7,8-dehydro-3-methyl-2,6-naphthyridin-
4-ol. American Chemical Society Journal 91 * 5323. 
Fonda, M. L. and R. J. Johnson 
1970 Computer analysis of spectra of enzyme-substrate 
and enzyme-inhibitor complexes involving aspartate 
aminotransferase. Journal of Biological Chemistry 
245% 2709. 
Gansow, 0. A. and R, H. Holm 
1969 Proton resonance investigation of equilibrium 
solute structure, and transamination in the 
aqueous systems pyridoxamine-pyruvate-zinc(II) 
and aluminum(III). American Chemical Society 
Journal 91 « 5984. 
Gibbs, H. D. 
1927 Phenol tests. Ill, The indophenol test. 
Journal of Biological Chemistry 72» 649. 
Guschlbauer, W., E. G. Richards, K. Beurling, A, Adams, and 
J. Rc Fresco 
1965 Determination of nucleotide composition of 
polyribonucleotides by spectrophotometric analysis. 
Biochemistry 4i 964. 
Gyorgy, P. 
1934 Vitamin Bg and the pellagra-like dermatitis in 
rats. Nature 133x 498. 
Harris, S, A,, T, J, Webb, and K. Folkers 
1940 Chemistry of vitamin B,, I, Tautomerism, 
American Chemical Society Journal 621 3198, 
Heinert, D, sind A, E, Mart ell 
1963 Pyridoxine and Pyridoxal analogs, VI, Electron 
absorption spectra of Schiff bases, American 
Chemical Society Journal 85% 183. 
Heyl, D,, S, T, Harris and K. Folkers 
1953 Chemistry of vitamin B,. IX. Derivatives of 
5-Desoxypyridoxine. American Chemical Society 
Journal 75* 653. 
Hirt, R. C., F, T, King, and R, G, Schmitt 
— • -X • r" - w-, WW—  ^ -w X-. 
two-component spectrophotometric analysis. 
Analytical Chemistry 261 127O, 
133 
Ingrl, N, and L. G. Slllen 
1962 High-speed computers as a supplement to graphical 
methods, II. Some computer programs for studies 
of complex formation equilibria. Acta Chemica 
Scandinavica 16: I73. 
Ingrl, N. and L, G, Slllen 
1965 High-speed computers as a supplement to graphical 
method. IV. An ALGOL version of LETAGHOP URID. 
Arkiv fur Kemi 231 97, 
Ish-Shalom, M., J. D. Fitzpatrick, emd M. Orchln 
1957 Quantitative analysis by ultraviolet spectro­
photometry. The cis-trans-stilbene system. 
Journal of Chemical Education 34* 496. 
Iwata, C. 
1968 ^-Deoxypyridoxal. In W. E. M. Lands, ed. Bio­
chemical preparations. P. 117. New York, New 
York, John Wiley and Sons, Inc. 
Iwata, C. and D. E. Metzler 
1967 Synthesis of vitamin BA derivatives. III. 
3-(4-formyl-3-hydroxy-2-methyl-5-pyridyl) 
proprionic acid, analog of pyridoxal phos­
phate. Journal of Heterocyclic Chemistry 4: 
319. 
Jaffe, H. H. and G. 0. Doak 
1955 The basicities of pyridines and their 1-oxldes. 
American Chemical Society Journal 77* 4441. 
Jaffe, H. H., and M. Orchln 
1962 Theory and application of ultraviolet spectros­
copy. New York, New York, John Wiley and Sons, 
Inc. 
Jenkins, W. T. 
1961 Glutamic-aspartic transaminase. VI. The 
reaction with certain ^ -substituted aspartlc 
acid analogues. Journal of Biological Chemistry 
2361 1121. 
Jenkins, W. T. and L, D'Ari 
1966 Glutamic-aspartic transaminase, IX. Equilibria 
with glutarate and a-ketoglutarate. Journal of 
Biological Chemistry 241; 2845. 
134 
Jenkins, W. T. and I. W. Sizer 
1957 Glutamic aspartic transaminase, American Chemical 
Society Journal 79» 2.655» 
Johnson, R. J. and D. E. Metzler 
1970 Analyzing spectra of vitsunin derivatives. 
In D, B. McConnick and L« D, Wright, eds. 
Methods in enzymology. Vol. 18A. P 433« New 
York, New York, Academic Press, Inc. 
J^rgensen, C. K. 
1954 Cr(IIl), Ni(II), aquo, Co(III) amine complexes. 
Gaussian shape of absorption bands. Acta Chemica 
Scandinavica 81 1495* 
Jgfrgensen, C. K. 
1962 Absorption spectra and chemical bonding in com­
plexes. London, England, Pergamon Press, 
Koch, A. L, 
1966 The logarithm in Biology. 1. Mechanisms gen­
erating the log-normal distribution exactly. 
Journal of Theoretical Biology 12» 276, 
Labow, R. and W. G. Robinson 
1966 Crystalline D-serlne dehydrase. Journal of 
Biological Chemistry 2411 I239. 
Leusslng, D. L. 
1963 The determination of the stabilities of Schiff 
base complexes Involving dissociated Schiff bases. 
American Chemical Society Journal 85* 231, 
Leusslng, D. L. and E, M. Hanna 
1960 Metal ion catalysis in transamination. IV. 
Nickel(II)- and zlnc(Il)-glyoxalate-amlno acid 
complexes. American Chemical Society Journal 
88: 696. 
Leusslng, D. L. and N. Huq 
1966 Pyrldoxal-glyclnate complexes with some divalent 
metal ions. Analytical Chemistry 381 I388. 
Leusslng. £, L. and D. C. Shultz 
19O4 Metal ion catalysis in transamination. II. 
Pyruvate glyclnate equilibrium systems with some 
lite wc».k, . AlUCXXSXUi VliCDU. OOClCCy 
Journal 86» 4846. 
135 
Lucas, N,, H, K, King, and S. J. Brown 
1962 Substrate attachment In enzymes. The Interaction 
of pyridoxal phosphate with amino acids. Bio­
chemical Journal 84* 118. 
Maley, J. R« and T. C, Bruice 
1968 Catalytic reactions involving azomethines, X, 
Transamination of l-methyl-4-formylpyridinium 
iodide. American Chemical Society Journal 90t 
2843. 
Maley, J. R. and T. C. Bruice 
1970 Catalytic reactions involving azomethines, XII. 
Transamination of l-methyl-3-hydroiy-4-formylpyr-
Idinlum chloride. Archieves of Biochemistry and 
Biophysics 1361 187, 
Mason, S. F. 
1957 The tautomerlsm of N-heteroaromatic hydroxycom­
pounds. Part II. Ultraviolet spectra. Chemical 
Society (London) Journal 5010. 
Mason, 8. P. 
1959 The electronic spectra of N-heteroaromatlc 
systems. Part III, The TT-^irtransitions of the 
monocyclic hydroxy-azlnes. Chemical Society 
(London) Journal 1253. 
Martell, A. H. 
1963 Schiff bases of pyridoxal analogsi Molecular 
species in solution. International Union of 
Biochemistry Symposium Series 301 13. 
Martell and Matsushima 
1968 Transition metal-catalyzed isomerlzatlon of the 
pyldoxamine-a-ketolsovaleric acid Sohlff base. 
International Union of Biochemistry Symposium 
Series 35* 33. 
Matsuo, Y a 
1957 Pyridoxal catalysis of non-enzymatic trans­
amination in ethanol solution. American Chemical 
Society Journal 79* 2016. 
Matsushima, Y. and A. S. Martell 
1967 Zinc(II)-chelate catalysis of transamination in 
methanol. American Chemical Society Journal 89* 
1 
136 
Mellon, M. G. 
1950 Analytical absorption spectroscopy, New York, 
New York, John Wiley and Sons, Inc. 
Metzler, D. E. 
1957 Equilibria between pyridoxal and amino acids 
and their imines, American Chemical Society 
Journal 79« 485. 
Metzler, D. E. and E. E, Snell 
1955 Spectra and ionization constants of the vitamin 
Bg group and related 3-hydroxypyridine derivatives. 
American Chemical Society Journal 77: 2431, 
Muehlardt, R. F, and E. E, Snell 
1967 Vitamin Bz analogs. Improved synthesis of 
5-deoxypyrldoxal. Journal of Medical Chemistry 
10» 129. 
Nagano, K, and D. E. Metzler 
1967 Machine computation of equilibrium constants and 
plotting of spectra of Individual ionic species 
in the pyrldoxal-alanlne system. American Chemical 
Society Journal 891 2891, 
Nagano, K, and D. E, Metzler 
1968 Automatic analysis of spectral data for systems 
containing Schiff's bases. International Union 
of Biochemistry Symposium Series 35* 81. 
Nakamoto, K. and A. E. Martell 
1959a Pyridoxine and pyridoxal analogs. III. Ultra­
violet absorption studies and solution equilibria 
of 2- and 4-hydroxymethyl-3-hydroxypyrldlnes and 
pyridine-2, 3- and 4-aldehyde. American Chemical 
Society Journal 811 585?» 
Nakamoto, K. and A. E. Martell 
1959b Pyridoxine and pyridoxal analogs, IV, Ultra­
violet spectra and solution equilibria of 3-neth-
oxypyrldine-2 (and 4-)-aldehydes and of 3-hydroxy-
pyridlne-2 (and 4-)-aldehydes, American Chemical 
Society Journal 811 5863, 
Noble, F, W. and J, E, Hayes 
1964 A repetitive analog computer for analysis of 
sums of distribution functions. New York Academy 
of Science Annals 1151 644. 
137 
Palm, V. A., U. L. Haldna and A. J. Talvlk 
1966 Basicity of carbonyl compounds. In S. Fatal, ed. 
Chemistry of carbonyl group. P. 421. New York, 
New York, Interscience Publishers. 
Paul, M. A. and F. A. Long 
1957 Hp and related indicator acidity functions. 
Chemical Review 57* 1. 
Peterson, E. A. and H. A. Sober 
195^ Preparation of crystalline phosphorylated 
derivatives of vitamin B^. American Chemical 
Society Journal 76t I69. 
J. 
Changes in the electronic transitions of 
aromatic hydrocarbons on chemical substitution. 
II, Application of perturbation theory to 
substituted-benzene spectra. Journal of 
Chemical Physics 34* 1120. 
Phillips, A. T. and W. A. Wood 
1965 The mechanism of action of 5-adenylic acid-
activated threonine dehydrase. Journal of Bio­
logical Chemistry 2401 4703. 
Polansky, M. M., R, T. Camarra, and E. W, Toepfer 
1964 Pyridoxine determined fluorometrlcally as 
pyridoxal cyanide compound. Association 
of Official Agricultural Chemists Journal 
47: 827. 
Pratt, A. W,, J. N. Toal, G. W. Rushizhy, and H. A. Sober 
1964 Spectral characterization of oligonucleotides by 
computational methods. Biochemistry 3* I83I. 
Rao, C, N, R. 
1967 Ultra-violet and visible spectroscopy. New York, 
New York, Plenun Press. 
Robinson, R, A. and R. H. Stokes 
1955 Electrolyte solutions. New York, New York, 
Academic Press Inc, 
Petruska, 
1961 
Schirch, L. G, and M, Mason 
1963 Serine transhydroxymethylase, A study of the 
properties of a homogeneous enzyme preparation 
and of the nature of its interaction with sub­
strates and pyridoxal-5-phosphate. Journal of 
Biological Chemistry 238» 1032. 
138 
Schlrch, L. and Re A. Blotter 
1966 Spectral Properties of Schiff bases of amino 
acid esters with pyridoxal and pyridoial N-metho-
chloride in ethanol. Biochemistry 5» 3175» 
Scranton, D, G, 
1966 Simplotter for B.P.S. FORTRAN. Ames, Iowa, 
Ames Laboratory, USAEC, Iowa State University, 
Computer Utilization Bulletin 23, 
Shlyapnikov, S, V, and M, Y, Karpeisky 
1969 On carbanion formation in the process of enzymatic 
transamination. European Journal of Biochemistry 
11» 424. 
Siano, D. B. and D. E. Metzler 
1969 Band shapes of the electronic spectra of complex 
molecules. Journal of Chemical Physics ^ 1% I856. 
Sillen, L. G, 
1962 High-speed computers as a supplement to graphical 
methods. I. Pimction behavior of the error-
square sum. Acta Chemica Scandinavica l6t 159. 
Sillen, L. G. 
1964 High-speed computers as a supplement of graphical 
methods. III. Twist matrix method for minimizing 
the error-square sum in problems with many unknown 
constants. Acta Chemica Scandinavica 181 1088. 
Sternberg, J. C., H. S. Stillo, and R. H, Schwenderman 
i960 Spectophotometric analysis of multicomponent 
systems using the least squares method in matrix 
form. The ergosteral irradiation system. 
Analytical Chemistry 321 84, 
Stevenson, P. E. 
1965 Effect of chemical substitution on the elec­
tronic spectra of aromatic compounds. Part III, 
A comparison of the methods of Labhart and 
Petruska for treating substituent pertrubations. 
Journal of Molecular Spectroscopy 171 86, 
Stiller, Es T,, J. C, Keresztesy and J, R, Stevens 
1939 The structure of vitamin Bx, I. American 
Chemical Society Journal 6I1 1237. 
139 
Stolarczyk, L. 
1952 Condition for Gaussian shape of absorption bands. 
Acta Chemica Scandinavica 12 * 1885. 
Sulzer, H, and K. Wieland 
1952 Intersitatsverteiling eines kaatinuierlichen 
absorptlons-specktrums in abhangigkeit van 
temperatur und vrellenzall. Helvetica Physica 
Acta 251 653. 
Taylor, H, T. and W. T, Jenkins 
1966 Leucine Aminotransferase. I, Colorlmetric assays. 
Journal of Biological Chemistry 2^11 4391, 
Thamer, B, J, and A. F. Voigt 
1952 The spectrophotometric determination of overlapping 
dissociation constants of dibasic acids. The acid 
constants of isophthalic, terephthalic and chlor-
anillc acids. Journal of Physical Chemistry 56» 
225. 
Trahanovsky, W. S# and L. B, Young 
1965 Controlled oxidations of organic compounds 
with cerium (IV). The oxidation of benzyl 
alcohols to benzaldehydes. Chemical Society 
Journal, 5777. 
Wald, G. 
1965 Frequency or Wavelength? Science I50» 1239, 
Wlberg K. B. 
1965 Computer programming for chemists. New York, 
New York, W, A. Benjamin, Inc. 
Wlgler, P. W. and L. E. Wilson 
1966 Spectrophotometric determination of the acid dis­
sociation constants of 3-hydroxypyridlne, 
Analytical Biochemistry 15» 421. 
Williams. V. R. and J. B. Neilands 
1954 Apparent ionization constants, spectral properties 
and metal chelation of the cotranaminases and 
related compounds. Archives of Biochemistry and 
Biophysics 53* 56. 
Wilson, E. M. and H. Kornberg 
1963 Properties of crystalline L-aspartate 4-
carboiylyase from achromobacter. Biochemical 
Journal 651 570• 
140 
ïeh, S, J, and H. H. Jaffe 
1959 Tautomeric equilibria. VI, The structure of 
the conjugate acid of p-dlmethylamlnoazobenzene. 
American Chemical Society Journal 81» 3283. 
I4l 
ACKNOWLEDGMENTS 
The author wishes to thank all the individuals who have 
contributed so greatly toward the completion of this work. 
Special thanks and appreciation are extended; 
To Dr. David E, Metzler, the author's major professor, 
for his patience and guidance during the course of the re­
search program carried out for this dissertation. 
To Dr. Margaret L. Fonda for her assistance in sup­
plying the spectral data on aspartate aminotransferase 
and many helpful comments in preparing this dissertation. 
To Tom L. Fisher for his many stimulating end very 
interesting comments even though somewhat afar from the 
realm of biochemistry. Also for his preparation of some of 
the analogs used for this study. 
To the many technical assistants who have helped in 
the collection of the spectrophotometric data. 
To the Iowa State University computer center and all 
those connected with it who have helped the author in pre­
paring and debugging of computer programs. 
To Iowa State University and the Department of Bio­
chemistry and Biophysics for financial support during the 
course of this work. 
The author is also very grateful to his wife, Marge, 
for her assistance in typing this dissertation and moral 
142 
encouragement throughout the entire period of stay here at 
Iowa State University, 
143 
APPENDIX 
C ANALYSIS OF SPECTRA SLP-1 
C PROGRAM STEEPEST DESCENT 
C FORMATION CONSTANT, PKA AND LEAST SQUARES CALCULATION BY THE 
C STEEPEST SLOPE METHOD 
C ROBERT JOHNSON 
C BLOCK DATA 
DIMENSION PH(30),AH(30),ALPH(30),PK(3),DK(3),Q(4t30),EQ(4,141),SPE 
1C(141,30),SPECB(141,20),JACK(10),SQSX(9,9),WSX(12),XX(141),YY(281) 
2,PKX(12),VEC(10),NDK(4),X(141),XINT(30),SLOPE(30),BLO(30),XI(281), 
3Y1(281),XLAB(5),YLAB(5),GLABl(5),GLAB2(5),JEQ(3),PKS(3),DKS(3),PKT 
4(3),DKT(3),DKU(3),PKU(3) 
READ (1,101) JACK 
;L01 FORMAT (10A4) 
READ (1,107) WVLO,WVLl,DELTA,TEMP,NUMPH, DEC 
107 FORMAT (4F6.1/I3/F6.3) 
REA0(1,99)NUMCH,<JEQ(I),I=1,NUMCH) 
')9 FORMAT(I3/10I3) 
READ (1,103) (PK(I),1=1,3) g 
:L03 FORMAT (3F10.2) 
NSP=(WVLl-WVLO)/DELTA+1.01 
NBC=NSP-1 
NBD=NSP+1 
JEG=2*NSP-1 
READ (1,100) PXLT,(PH(I),I=1,NUMPH) 
LOO FORMAT (El1.4/13F6.2) 
READ (1,102) XLAB,YLAB,GLAB1,GLAB2 
102 FORMAT (20A4) 
WRITE (3,110) JACK 
110 FORMAT ('0',10A4) 
WRITE (3,104) 
104 FORMAT (IH /26H ANALYSIS OF SPECTRA SLP-1/69H PKA AND SPECTRA OF I 
INDIVIDUAL IONIC SPECIES BY STEEPEST SLOPE METHOD) 
WRITE (3,108) WVLO,WVLl,DELTA,TEMP,NUMPH 
108 FORMAT (•0•,26HRANGE OF WAVE NUMBER FROM ,F5.1,4H TO ,F5.1,11H KK* 
IS WITH ,F4.1,5H KK'S/13H INTERVAL AT ,F4.1,10H DEGREES C//8H NUMPH 
2 =,I3) 
WRITE (3,105) (PK(I),1=1,3) 
1,05 FORMAT (IH /7H PKPl =,F7.2,7H PKP2 =,F7.2,7H PKP3 =,F7.2) 
WRITE (3,106) PXLT,(I,PH(I),I=1,NUMPH) 
]06 FORMAT (IH /7H PXLT =,E11.4/(4H PH(,I2,3H) =,F6.2)) 
C READING IN SAMPLE DATA 
DO 23 I=1,NUMPH 
23 CALL READER (SPECC1,I),NSP) 
C READING IN BLANK DATA 
DO 24 J=1,NUMPH 
24 CALL READER (SPECB(1,J)»NSP) 
C SUBTRACTION OF BLANK 
DO 41 I=1,NUMPH 
J=I 
DO 41 K=1,NSP 
41 SPEC(K,I»=SPEC(K,I»-SPECB(K,J) 
DO 31 I=1,NUMPH 
DO 31 K=1,NSP 
IF (SPEC(K^I)) 32,32,31 ^ 
32 SPEC(K,I)=0.0 -Pr 
31 CONTINUE ^ 
C CALCULATION OF PARAMETERS FOR GRID 
DO 10 1=1,3 
10 DK( n = EXP(-2.302585*PK( n ) 
DO 12 I=1,NUMPH 
12 AH(I)=EXP(-2.302585*PH(n) 
JX=0 
JOUT=0 
130 CONTINUE 
DEC5=1.0E 16 
C FIND SQSA'S INITIAL VALUE 
713 J0UT=J0UT+1 
CALL ECOEF (AH,ALPH,Q,PXLT,DK,EQ,SPEC,SQSD,NUMPH,NSP,PK) 
IF IJ0UT.EQ.2)G0 TO 1008 
IF(NUMCH.EQ.O)GO TO 96 
SQSA=SQSD 
C FIND THE DIRECTION TO GO 
55 SQS=0.0 
IF{JX.EQ.15IG0 TO 16 
JX=JX+1 
DO 13 I=1,NUMCH j=jEQ(n 
DELTA1=DK(J) 
DELTA2=PK(J) 
PKINC=DEC*0.5 
DKINC=EXP(-2.302 5 85*PKINC) 
11 PK(J)=DELTA2+PKINC 
DK(J)=DELTA1*DKINC 
CALL ECOEF (AH,ALPH,Q,PXLT,DK,EQ,SPEC,SQSD,NUMPH,NSP,PK) 
BACK=SQSD 
PK(J)=DELTA2-PKINC 
DK(J)=DELTA1/DKINC 
CALL ECOEF {AH,ALPH,Q,PXLT,DK,EQ,SPEC,SQSD,NUMPH,NSP,PK) 
DIF=(SQSD-BACK) 
VEC(I)=-DIF 
SQS=SQS+VEC(I)**2 
15 0K(J»=DELTA1 ;Ç 
PK(J)=DELTA2 ^ 
13 CONTINUE 
WRITE(3,19)SQSA,PK 
19 FORMAT(lX,E11.4,12F9.5/(13F9.5)) 
SQS=SQRT(SQS) 
DO 51 I=1,NUMCH 
51 VEC( n=VEC( 1>/SQS*DEC 
C TAKE ONE STEP IN THAT DIRECTION, STORING THE OLD VALUES. 
56 DO 67 I=1,NUMCH 
J=JEQ(I » 
PKS( n=PK( J » 
DKS(I)=DK(J) 
PK(J)=PK(J)+VEC(I) 
61 DK(JI=DK(J)*EXP(-2.302585*VEC(I)) 
CALL ECOEF (AH,ALPH,Q,PXLT,DK,EQ,SPEC,SQSD,NUMPH,NSP,PK) 
SQSB=SQSD 
C TAKE ANOTHER STEP — TO DETERMINE A PARABOLA 
DO 1002 I=1,NUMCH 
J=JEQ(I) 
PKT(I)=PK( J) 
DKT(I)=DK(J) 
PK(J)=PK(J)+VEC(I) 
IOC'2 DK( J)=DK( J)*(EXP(-2.3025 85*VEC( I ) ) ) 
CALL ECOEF {AH,ALPH»QtPXLT,DKtEQ,SPEC,SQSD,NUMPH,NSP,PK) 
SQSC=SQSD 
DO 1007 I=1,NUMCH 
J=JEQ(I I 
PKU(I)=PK(J) 
IOC'7 DKU( I )=DK( J) 
C NEXT FIND THE MINAMUM POINT OF THE PARABOLA 
ATERM=(SQSA+SQSC-SQSB-SQSB) 
IF( ATERM.EQ.O.OGO TO 1003 
BTERM=(SQSC-SQSA-2.0*ATERM)/2.0 
0EC5=-BTERM/ATERM 
IF(ABS(DECS J.LT.0.004)GO TO 1003 
C GO TO THAT POINT 
DO 1004 I = 1,NUMCH 
VEC{I)=VEC(I)*DEC5 
J=JEQ(I I 
DK(J)=DKS(I) 
PK(JJ=PKS(I) 
DK(J)=DK(J)*EXP(-2.302 585*VEC(I)) 
1004 PK(J»=PK(J)+VEC{11 
CALL ECOEF (AH,ALPH,Q,PXLT,DK,EQ,SPEC,SQSD,NUMPH,NSP,PK) 
C GO TO THE POINT OF THE FOUR WHICH HAS THE M SMALLEST SQSD VALUE 
IF(SgSD.LT.SQSA)GO TO 1005 
10:10 IF(SQSB.LT. SQSA»GO TO 1006 
IF(SQSC.LT.SQSAIGO TO 1014 
DEC=DEC/4.0 
DO 1009 I=1,NUMCH 
J = JEQ(IJ 
PK(J) = PKS(I ) 
101)9 DK(J)=DKS(I) 
IF IDEC.LT.0.004)GO TO 713 
DO 1016 I=1,NUMCH 
10 L6 VEC(I)=VEC(I)/4.0 
GO TO 56 
1003 SQSD=1.0E16 
GO TO 1010 
1005 IF(SQSB.LT.SQSD)GO TO 1006 
IF{SQSC.LT.SQSD)GO TO 1014 
SQSA=SQSD 
GO TO 53 
1006 IF(SQSC.LT.SQSB)GO TO 1014 
DO 1011 I=1,NUMCH 
J=JEQ(I) 
PK(J)=PKT(I) 
1011 DK(J)=DKT(I> 
SQSA=SQSB 
DEC=DEC/2.0 
GO TO 53 
1014 DO 1015 I=1,NUMCH 
J=JEQ(I) 
PK(J)=PKU(I) g 
1015 DK(J)=DKU<J» 
SQSA=SQSC 
GO TO 53 
16 WRITE(3,17) 
17 FORMATC JX= GOT TOO LARGE') 
100(1 CONTINUE 
96 CONTINUE 
7:-i CONTINUE 
XDF=(NUMPH-NUMCH)*NSP 
SQAB =SQRT(SQSD/XDF) 
WRITE(3fl30)SQSD,SQAB,(I,PK(I),ItDK(I),1=1,3) 
13f) FORMATC'0','SQSD =',G11.4,4X,'SDAB =',G11.4//(3(' PK(',I2,') =',F8 
1.4,' DK(',I2, •) 
1 =',Ell.4,IX))) 
CALL DRAW (PK,XX,EQ,YY,Y1,X1,WVLO,XLAB,YLAB,GLABl,GLAB2,JEG,NSPtNB 
IC,DELTA) 
3':\ STOP 
END 
SUBROUTINE ECOEF (AH,ALPH,Q,PXLT,DK,EQ,SPEC,SQSD,NUMPH,NSP,PK) 
DIMENSION AH(30) ,ALPH(30) ,Q(4,30) ,DK(3) »EQ(4,141),SPEC(141,30) t PK( 
13 ) 
DKP1=DK(1) 
DKP2=DK(2) 
DKP3=DK(3) 
PKP1=PK(1) 
PKP2=PK(2) 
PKP3=PK(3) 
6,2 DO 63 1 = 1,NUMPH 
ALPH(I)=1.+AH(I)/DKP2+AH(I)**2/(DKPl*DKP2)+DKP3/AH(I) 
Q(2,I)=PXLT/ALPHtI ) 
Q(3,I)=AH(I)*Q(2,I)/DKP2 
Q(4,I)=AH(I)»Q(3,I)/DKPl 
63 Q{1,I)=DKP3*Q(2,I)/AH(I) 
C LEAST SQUARE CALCULATION OF MOLAR EXTINCTION COEFFICIENTS 
SCC=0. 
SBC=0. 
SBB=0. 
SAC=0. 
SAB = 0 . 
SAA=0. 
SAD=0. 
SBD=0. 
SCD=0. 
SDD=0. 
DO 14 1=1,NUMPH 
SAA=SAA+Q(1,11**2 
SAB=SAB+Q(1,I)*Q(2,I) 
SAC=SAC+Q(1,I)*Q(3,I) 
SAD=SAD+Q(1,I)*Q(4,I) 
SBB=SBB+Q(2,1)**2 
SBC=SBC+Q(2,I)*Q(3,I) 
SBD=SBD+Q(2,I)*Q(4,I) 
SCC=SCC+Q(3,1)**2 
SCD=SCD + Q(3 ,I)*Q(4,I) 
14 SDD=SDD+0(4,I)**2 
IF(PKP3-15.»51,52,52 
52 IF(PKPl+5.1210,210,211 
210 DETM=SBB*SCC-SBC*SBC 
GO TO 15 
211 DETM=DETER3(S BBtSBC,SBD,SBC,SCC,SCD,SBD,SCO,SOD) 
GO TO 15 
51 IF(PKPl+5.»212,212t213 
212 DETM=DETER3(SAA,SAB,SAC,SAB,SBB,SBC,SAC,SBC,SCC) 
GO TO 15 
213 DETM=DETER4(SAA,SAB,SAC,SAD,SAB,SBB,SBC,SBD,SAC,SBC,SCC,SCO,SAD, 
]SBD,SCO,SOD» 
15 IF(DETM)28,29,28 
29 WRITE (3,108) 
108 FORMAT (IH /lOH DETM = 0.) 
STOP 
28 SQSD=0. 
DO 26 K=1,NSP M 
SAU=0. ^ 
SBU=0. 
SCU=0. 
SDU=0. 
DO 27 I=1,NUMPH 
SAU=SAU-i-Q( 1,1 )*SPEC(K,I ) 
SBU=SBU + Q(2,I )*SPEC(K,I) 
SCU=SCU+Q(3,I)*SPEC(K,I) 
27 SDU=SDU+Q(4,I)*SPEC(K,I) 
IF( PK.P3-15. H7,18, 18 
18 IF( PKPH-5. ) 19,19,20 
19 DETM2=SBU»SCC-SCU*SBC 
DETM3=SBB*SCU-SBC»SBU 
EQ(1,K»=0. 
EQ(4,K»=0. 
60 TO 78 
20 DETM2=DETER3(SBU,SCU,SOU,SBC,SCC,SCD,SBD,SCO,SDD) 
DETM3=DETER3(SBB,SBC,SBD,SBU,SCU,SOU,SBD,SCO,SDD) 
DETM4=DETER3(SBB,SBC,SBD,SBC,SCC,SCD,SBU,SCU,SDU I 
EQ(1,K)=0. 
GO TO 76 
17 IF(PKPl+5.>21,21,22 
iîl DETMl=DETER3(SAU,SBUtSCU,SABtSBB,SBC,SAC,SBC,SCC) 
DETM2=DETER3(SAA,SAB,SACt SAU,SBU,SCU,SAC,SBC,SCC) 
DETM3=DETER3(SAA,SAB,SAC,SAB,SBB,SBC,SAUtSBU,SCU) 
EQ(4,K)=0. 
EQ(1,K)=DETM1/DETM 
GO TO 78 
.22 DETMl=DETER4{SAU,SBU,SCU,SDU,SABtSBBtSBCïSBD,SAC,SBC,SCC,SCD,SAD, 
1SBD,SCD,SDD) 
DETM2 = DETER4(SAA,SAB,SAC» SAD,SAU,SBU,SCUtSDU,SAC,SBC,SCC,SCO,SAD, 
ISBD, SCDl, SDD) 
DETM3=^DBTER4(SAA,SAB,SAC,SAD,SAB,SBB,SBC,SBD,SAU,SBU,SCU,SDU,SAD, 
1SBD,SCD,SDD» 
DETM4=DETER4(SAA,SAB,SAC,SAD,SAB,SBB,SBC,SBD,SAC,SBC,SCC,SCD,SAU, 
1SBU,SCU,SOU) 
EQ(1,K)=DETM1/DETM 
76 EQ(4,K)=DETM4/DETM 
78 EQ(2,K)=DETM2/DETM 
26 EQ(3,K)=DETM3/DETM 
DO 53 1=1,NUMPH 
DO 54 K=1,NSP 
ws=o. 
DO 37 J=1,4 
IF (EQ(J,K)) 75,37,37 
75 SQSD=SQSD+(PXLT*EQ(J,K))**2*100 
37 WS = WS + EQ(J,K)*Q(J, I) 
54 SQSD=SQSD+(SPEC(K,I)-WS)**2 
53 CONTINUE 
RETURN 
END 
C 
SUBROUTINE READER(X,N) 
THIS SUBROUTINE IS MACHINE DEPENDENT 
INTEGER BUF(48) ,REM 
KEAL X(l) 
l'IF = 16 
NC=N/16 
REM=N-NC*16 
IF (REM) 14,14,10 
10 NC=NC+1 
14 CONTINUE 
L = — 1 6  
DO 5 M= 1, NC 
_=L+16 
AEAO (1,1) BUF 
1 "ORMAT (1612A1,12,IX)) 
II=-3 
IF (M-NC) 11,12,11 
12 IF (REM) 11,11,13 
13 NF=REM 
11 DO 5 J=1,NF 
11=11+3 
IF(BUF(II+2)-1614B2 34B8)6,7,6 
7 NUM=-BUF(II+3) 
GO TO 4 
6 IF (BUF( I 1 + 2 )-2067808320) 2,3,2 
3 NUM=BUF( II + 3 )+1000 
GO TO 8 
2 NUM=(BUF( II+ 2)/16777216 + 15)*100+BUF( 11 + 3) 
4 IF (BUF(II+1)+41521964B)8,9,8 
9 NUM=NUM+1000 
8 K=J+L 
5 X(K)=NUM/100C.0 
RETURN 
END 
FUNCTION DETER3 (AA,AB,AC,BA,BB,BC,CA,CB,CC) 
DETER3=AA*(BB*CC-BC*CB)-AB*(BA*CC-BC*CA)+AC»(BA*CB-BB*CA) 
RETURN 
I:ND 
FUNCTION DETER4 (AA,AB,AC,AD,BA,BB,BC,BD,CA,CB,CC,CD,DA,DBtDC,DD) 
l)ETER4=AA*DETER3(BB^BC,BD,CB,CC,CD,DB,DC,DD)-AB*DETER3(BA,3C,BD,CA 
1,CC,CD,DA,DC,DD)+AC*DETER3(BA,BB,BD,CA,CB,CD,DA,DB,DD)-AD*DETER3( 
2IÎA, BB,BC,CA, CB,CC, DA, DB,DC ) 
RETURN 
END 
SUBROUTINE ABCD (XX,YY,HH,DW,JJ,JK,K) 
'DIMENSION XX( 151 ) , YY( 301 ) 
AA=XX(K) 
I F <  K - J J ) 6 , 5 , 6  
5 3B=(4.*XX(K+1)-3.*XX(K)-XX(K+2))/(2.*HH) 
CC=(XX(K+2)-2.*XX(K+1)+XX(K))/(2.*HH**2) 
fY(2»K) = AA-i-BB*DW+CC*DW**2 
SO TO 4 
6 IF(K-JK)7,8,7 
7  3 B = ( 6 . * X X ( K + 1 ) - 2 . * X X ( K - l ) - 3 . * X X ( K ) - X X ( K + 2 ) )  
:C=(XX(K+1)-2.*XX(K)+XX(K-l))/(2. 
DD=(XX(K+2)-3.*XX(K+1)+3.*XX(K)-XX(K-1))/(6.»HH**3) 
yY(2»K)=AA+BB*DW+CC»DW**2+DD*DW»*3 
;0 TO 4 
8 BB=(XX(K+1)-XX(K-1))/(2.*HH) 
CC=(XX(K+l)-2.*XX(K)+XX(K-l))/(2.*HH**2) 
YY(2*K)=AA+BB»DW+CC*DW**2 
4 RETURN 
END 
SUBROUTINE DRAW (PK,XX,EQ,YY,Y1,X1,WVL0,XLAB,YLAB,GLAB1,GLAB2,JEG, 
INSP,NBC,DELTA) 
DIMENSION PK(3) ,XX{ 141) ,EQ(4»141)»YY(281),Y1( 281 ) ,X1(281),XLAB(5), 
lYLABC 5 »,GLABl(5),GLAB2(5) 
C BLOCK DRAW 
C PLOTTING OF MOLAR EXTINCTION COEFFICIENT SPECTRA 
KA=0 
IF (PK{3)-15.) 11,12,12 
12 ISP=2 
GO TO 13 
11 !SP=1 
13 IF (PK(l)+5.) 6,6,7 
6 IEC=3 
GO TO 8 
7 IEC=4 
8 DO 2 I=ISP,lEC 
KA=KA+1 
DO 36 K=1,NSP 
XX(K)=EQ(I,K) 
36 YY(2*K-1)=XX(K) 
DO 35 K=1,NBC 
DEL1=DELTA 
DEL2=DELl/2. 
CALL ABCD (XX,YY,DEL1,DEL2,1,NBC,K) 
35 CONTINUE 
DO 39 K=1,JEG 
39 Y1(K)=YY(K) 
DO 151 K=1,NSP 
IF (Yl(K)) 162,162,161 
162 Y1(K)=0.0 
161 CONTINUE 
IF{KA-1)3,4,3 
3 CALL GRAPH (JEG,XI,Yl,0,4,0,0,0,0,0,0,0,0,0,0) 
GO TO 2 
4 X1(1)=WVL0 
00 5 J=2tJEG 
5 Xl(J)=X1(J-l)+DELTA/2.0 
MINX=X1(1) 
XMI =MINX 
XSIZE=(X1(JËG)-X1(1) )/4.0 + 1.0 
CALL GRAPH (JEG» X1,Y 1,0,4,XSIZE» 10.,4.,XMI,2000.,0.» XLAB,YLAB,GLAB 
11,GLAB2) 
2 CONTINUE 
DO 202 I=ISPtIEC 
DO 201 K=1,NSP 
20]. EQ(I ,K) = EQ{ I tK)*l .OOOE-03 
WRITE (2,512) (EQ(I,K),K=1,NSP) 
51Z FORMAT (10F8.3r 
WRITE (3,512) (EQ(I,K),K=1,NSP) 
20?. CONTINUE 
RETURN 
END 
